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Studies of the W±W± scattering process in pp collisions at the once and
future ATLAS detector
by Raynette VAN TONDER
This thesis investigates two topics, both concerning the rare Standard Model
process known as W±W± production. Firstly, this thesis considers the
W±W± production process at
p
s = 13TeV with L = 28 fb 1 of data.
Specifically, the b-tagged control region was examined, which tests the mod-
elling of the non-prompt leptons originating from hadronic decays in a
phase space where tt̄ ! W+W bb̄ ! l+l ⌫⌫bb̄ is the dominant process.
Current studies of this control region are still ongoing for the Run II W±W±jj-
EW analysis. In addition, this thesis investigates the prospects of a W±W±
measurement during the High-Luminosity Large Hadron Collider physics
program with the upgraded ATLAS detector. The significance of the W±W±
measurement at
p
s = 14TeV with an integrated luminosity of L = 3000 fb 1
was estimated to be at most 16.4 standard deviations. Furthermore, the
gain in significance as well as the precision of the measurement of the cross
section obtained with the extended tracking system are presented and com-
pared with respect to the current coverage within |⌘|  2.7. It is determined
that the significance improves by 16% with the extension of the inner track-
ing system to include forward tracking for jets, electrons and muons up to a
pseudorapidity of |⌘|  4.0. In addition, the precision of the measurement
of the cross section was estimated to be 5%, however this value can also be
improved by 14% with the increased pseudorapidity coverage.
iv
Acknowledgements
The completion of this thesis would not have been possible without the
insights and encouragement of various individuals and groups, whom I
would like to thank.
Firstly, I would like to express my sincerest gratitude to my supervisors,
Dr. Sahal Yacoob and Dr. Andrew Hamilton. Sahal, thank you for your
guidance, advice and for teaching me the necessary skills for this research.
I would also like to thank you for your useful feedback on all my research
endeavours. Andrew, thank you for your enthusiastic particle physics lec-
tures during undergrad and patient guidance during this research. Infor-
mal chats with you convinced me not to pay any heed to the voices of other
people and to continue studying physics. I also extend special thanks to Dr.
Claire Lee for working with me on the High-Luminosity studies. Your GIF
responses to e-mails brightened my days.
Furthermore, I would like to thank my CERN summer internship super-
visors, Dr. Alina Corso Radu and Dr. Isabel Trigger. As a summer student,
I learnt an incredible amount topics concerning the day-to-day research ac-
tivities at CERN. Notably, to think before a git commit and that the user’s
manuals for particle detectors really should have the phrase ”don’t panic”
written somewhere.
To my lecturers at the UCT Physics Department, thank you for your pa-
tience, answering naive questions and handing over a box of tissues on
some occasions. To my fellow students at the Physics Department, thank
you for the silly moments of hilarity that made me burst out into uncon-
trolled laughter. I hope our worldlines cross again one day.
I would also like to take this opportunity to thank the University of Cape
Town Postgraduate Funding Office for funding this research. In addition,
I would like to show my appreciation for the SA-CERN collaboration for
funding research trips to CERN and conferences, notably ATLAS Muon
Week.
A multitude of completely unexpected events can, and will, occur during
the course of one and a half years. I have learned that anything can be over-
come, as long as somewhere in the world someone exists who can be called
after midnight. I am fortunate to have several of these people in my life.
Jean and Martin, thank you for the great company, good food and constant
encouragement. Megan, Zubeida, Xolisile, Boreadi and Alexios, thank you
for listening to late night rants and dragging me away from my desk for a
proper cup of tea. You are my closest friends. I carry your hearts in mine.
Lastly, I would like to thank my parents, Lorette and Raymond, for sup-
port, care and weekly sanity-check phone calls throughout the course of
my studies. To my dear Loraynne and Celeste, thank you for being the best
little sisters someone could hope for. Finally, to my whole family, thank you
for always believing in me and rooting for my success.
v
Contents




2 Theoretical Background 4
2.1 The Standard Model of Particle Physics . . . . . . . . . . . . 4
2.1.1 Electroweak theory . . . . . . . . . . . . . . . . . . . . 6
2.1.2 Spontaneous electroweak symmetry breaking . . . . 8
2.2 Vector Boson Scattering . . . . . . . . . . . . . . . . . . . . . . 10
2.2.1 VBS processes at the LHC . . . . . . . . . . . . . . . . 13
3 The current ATLAS Detector at the LHC 16
3.1 The Large Hadron Collider . . . . . . . . . . . . . . . . . . . 16
3.2 The ATLAS Detector . . . . . . . . . . . . . . . . . . . . . . . 19
3.2.1 The ATLAS Coordinate System . . . . . . . . . . . . . 20
3.2.2 Inner Detector . . . . . . . . . . . . . . . . . . . . . . . 21
3.2.3 Calorimeters . . . . . . . . . . . . . . . . . . . . . . . . 22
3.2.4 Muon Spectrometer . . . . . . . . . . . . . . . . . . . 23
3.2.5 Trigger system . . . . . . . . . . . . . . . . . . . . . . 24
3.3 Simulated Monte Carlo samples . . . . . . . . . . . . . . . . . 25
3.4 Particle reconstruction and identification . . . . . . . . . . . 26
3.4.1 Tracks and vertices . . . . . . . . . . . . . . . . . . . . 26
3.4.2 Jets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.4.3 Electrons . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.4.4 Muons . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.4.5 Missing transverse energy . . . . . . . . . . . . . . . . 31
3.4.6 Overlap removal . . . . . . . . . . . . . . . . . . . . . 32
4 Upgrade of the LHC and ATLAS detector 33
4.1 Scheduled LHC upgrades . . . . . . . . . . . . . . . . . . . . 34
4.2 ATLAS upgrades toward the HL-LHC . . . . . . . . . . . . . 35
4.2.1 Calorimeter and trigger upgrades . . . . . . . . . . . 35
4.2.2 Extension of the Inner Detector . . . . . . . . . . . . . 36
4.2.3 Simulating the upgraded ATLAS detector . . . . . . . 37
5 Upgrade of the Muon Spectrometer 38
5.1 The New Small Wheel Project . . . . . . . . . . . . . . . . . . 39
5.1.1 Detector layout . . . . . . . . . . . . . . . . . . . . . . 40
5.1.2 Micromegas technology . . . . . . . . . . . . . . . . . 41
5.1.3 sTGC technology . . . . . . . . . . . . . . . . . . . . . 42
vi
5.2 sTGC wedge construction . . . . . . . . . . . . . . . . . . . . 43
5.2.1 Assembly procedure . . . . . . . . . . . . . . . . . . . 44
Transport of quadruplets to CERN . . . . . . . . . . . 44
Checks upon arrival at CERN . . . . . . . . . . . . . . 44
Frame assembly . . . . . . . . . . . . . . . . . . . . . . 45
Integration of quadruplets into wedges . . . . . . . . 46
Long-term HV testing . . . . . . . . . . . . . . . . . . 49
Completion of a sector wedge . . . . . . . . . . . . . . 50
5.2.2 Storage requirements . . . . . . . . . . . . . . . . . . . 51
6 Same sign W±W± production 53
6.1 Experimental signature . . . . . . . . . . . . . . . . . . . . . . 55
6.2 Background processes . . . . . . . . . . . . . . . . . . . . . . 55
6.2.1 Prompt processes . . . . . . . . . . . . . . . . . . . . . 55
6.2.2 Backgrounds from photon conversion . . . . . . . . . 56
6.2.3 Non-prompt processes . . . . . . . . . . . . . . . . . . 57
6.3 Object and event selection . . . . . . . . . . . . . . . . . . . . 57
Triggers . . . . . . . . . . . . . . . . . . . . . . . . . . 58
Lepton isolation . . . . . . . . . . . . . . . . . . . . . . 58
Muons . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
Electrons . . . . . . . . . . . . . . . . . . . . . . . . . . 59
Jets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
6.3.1 Definition of the signal region . . . . . . . . . . . . . . 60
6.4 Signal and background estimation . . . . . . . . . . . . . . . 61
6.4.1 Signal estimation . . . . . . . . . . . . . . . . . . . . . 62
6.4.2 Prompt background simulation . . . . . . . . . . . . . 63
6.4.3 Charge mis-ID estimation . . . . . . . . . . . . . . . . 63
6.4.4 Non-prompt simulation and estimation . . . . . . . . 64
6.5 Systematic uncertainties . . . . . . . . . . . . . . . . . . . . . 65
6.5.1 Uncertainties due to theoretical modelling . . . . . . 65
6.5.2 Uncertainties due to object reconstruction . . . . . . . 65
6.5.3 Uncertainties associated with data-driven methods . 66
6.6 Control Regions . . . . . . . . . . . . . . . . . . . . . . . . . . 66
6.6.1 Trilepton CR . . . . . . . . . . . . . . . . . . . . . . . . 67
6.6.2 Low Njet CR . . . . . . . . . . . . . . . . . . . . . . . . 67
6.6.3 Low mjj CR . . . . . . . . . . . . . . . . . . . . . . . . 68
6.6.4 b-tagged CR . . . . . . . . . . . . . . . . . . . . . . . . 68
6.7 Current studies of the b-tagged CR . . . . . . . . . . . . . . . 68
7 W±W± scattering at the High Luminosity LHC 80
7.1 W±W±jj-EW at 14TeV . . . . . . . . . . . . . . . . . . . . . 81
7.1.1 Monte Carlo samples . . . . . . . . . . . . . . . . . . . 81
7.1.2 Application of upgrade performance functions . . . . 82
Detector resolution . . . . . . . . . . . . . . . . . . . . 82
Reconstruction efficiencies . . . . . . . . . . . . . . . . 83
Trigger efficiencies . . . . . . . . . . . . . . . . . . . . 83
7.1.3 Object and event selection . . . . . . . . . . . . . . . . 84
7.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
7.2.1 Effect of an extended Inner Tracker . . . . . . . . . . . 87
7.2.2 Effect of varying the loose muon pT threshold . . . . 93
7.2.3 Addition of the ZZ background process . . . . . . . . 94
vii
7.3 VBS studies at future colliders . . . . . . . . . . . . . . . . . . 95
8 Conclusion 97
A Storage space requirements for sTGC wedges 100
B Additional material for HL-LHC W±W± studies 105
C Implementation of a logbook based on ELisA 111
C.1 The ELisA interface . . . . . . . . . . . . . . . . . . . . . . . . 111
C.2 Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
C.3 Implementation of the FTK logbook . . . . . . . . . . . . . . 113
C.3.1 Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
C.3.2 Testing and modifications . . . . . . . . . . . . . . . . 114
Welcome page . . . . . . . . . . . . . . . . . . . . . . . 115
E-mail notification modifications . . . . . . . . . . . . 115




2.1 Classification of elementary particles . . . . . . . . . . . . . . 5
2.2 The BEH potential V ( ) . . . . . . . . . . . . . . . . . . . . . 9
2.3 Leading order Feynman diagrams contributing to VBS pro-
cesses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.4 Electroweak production of the V V jj final state . . . . . . . . 13
2.5 Non-VBS production of the V V jj final state . . . . . . . . . . 14
2.6 Strong production of the V V jj final state . . . . . . . . . . . 14
3.1 The four experiments at the LHC . . . . . . . . . . . . . . . . 17
3.2 The accelerator complex at CERN. . . . . . . . . . . . . . . . 18
3.3 The ATLAS detector . . . . . . . . . . . . . . . . . . . . . . . 20
3.4 The ATLAS coordinate system . . . . . . . . . . . . . . . . . . 21
3.5 Layout of the muon spectrometer . . . . . . . . . . . . . . . . 24
3.6 Different stable particles interacting with the ATLAS detector 27
4.1 HL-LHC upgrade schedule . . . . . . . . . . . . . . . . . . . 34
4.2 "Extended" and ”inclined” layouts for the ITk . . . . . . . . . 36
5.1 Illustration of the ATLAS muon trigger . . . . . . . . . . . . 39
5.2 Layout of the NSW. . . . . . . . . . . . . . . . . . . . . . . . . 40
5.3 Basic structure of MM technology . . . . . . . . . . . . . . . . 41
5.4 Structure of a sTGC layer . . . . . . . . . . . . . . . . . . . . . 42
5.5 Large and small sector wedges and corresponding produc-
tion sites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.6 Illustration of the external frame . . . . . . . . . . . . . . . . 45
5.7 Schematic of alignment inserts for modules . . . . . . . . . . 46
5.8 Schematic of the lifting tool . . . . . . . . . . . . . . . . . . . 47
5.9 Schematic of the tripod cart . . . . . . . . . . . . . . . . . . . 48
5.10 Schematic of the rotating device . . . . . . . . . . . . . . . . . 49
5.11 A fully integrated device . . . . . . . . . . . . . . . . . . . . . 50
5.12 Design of the Canadian QS3 crate . . . . . . . . . . . . . . . . 52
5.13 Potential pile-up of quadruplet crates . . . . . . . . . . . . . 52
6.1 Inclusive region for W±W±jj measured by ATLAS . . . . . 54
6.2 Inclusive region for W±W±jj measured by CMS . . . . . . . 54
6.3 Event topology for W±W±jj . . . . . . . . . . . . . . . . . . 56
6.4 The ”trident” process . . . . . . . . . . . . . . . . . . . . . . . 57
6.5 tZj production . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
6.6 Selection criteria for control regions . . . . . . . . . . . . . . 67
6.7 Transverse momentum distributions of the leading lepton in
the BCR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
6.8 Number of b-tagged jets in the BCR . . . . . . . . . . . . . . . 70
6.9 Number of jets in the BCR . . . . . . . . . . . . . . . . . . . . 70
ix
6.10 Transverse momentum distributions of the leading lepton in
the T + L region . . . . . . . . . . . . . . . . . . . . . . . . . . 71
6.11 Number of b-tagged jets in the T + L region . . . . . . . . . . 71
6.12 Number of jets in the T + L region . . . . . . . . . . . . . . . 72
6.13 Transverse momentum distributions of the leading lepton
with the mod selection . . . . . . . . . . . . . . . . . . . . . . 75
6.14 Number of b-tagged jets with the mod selection . . . . . . . . 75
6.15 Number of jets with the mod selection . . . . . . . . . . . . . 76
6.16 Leading and sub-leading leptons that pass or fail gradient
isolation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
6.17 Leading and sub-leading lepton origins . . . . . . . . . . . . 78
6.18 Leading and sub-leading lepton origins in the T + L region . 79
7.1 Cross sections for pp ! W±W±jj . . . . . . . . . . . . . . . 81
7.2 Pseudorapidity distributions of the leading and sub-leading
leptons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
7.3 Pseudorapidity distributions of the leading and sub-leading
jets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
7.4 Pseudorapidity distributions of the leading and sub-leading
leptons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
7.5 Effect of varying the loose muon pT on the signal significance 94
7.6 Di-jet invariant mass distributions . . . . . . . . . . . . . . . 96
A.1 Potential pile-up of quadruplet crates . . . . . . . . . . . . . 100
A.2 Potential pile-up of quadruplet crates . . . . . . . . . . . . . 101
A.3 Potential pile-up of quadruplet crates . . . . . . . . . . . . . 102
A.4 Potential pile-up of quadruplet crates . . . . . . . . . . . . . 103
A.5 Potential pile-up of quadruplet crates . . . . . . . . . . . . . 104
B.1 Effect of varying the loose muon pT on the signal significance 105
B.2 Pseudorapidity distributions of the leading and sub-leading
jets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
B.3 Pseudorapidity distributions of the loose leptons . . . . . . . 107
B.4 Pseudorapidity distributions of the leading and sub-leading
jets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
B.5 Pseudorapidity distributions of the leading and sub-leading
leptons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
C.1 Request processing in a Spring MVC . . . . . . . . . . . . . . 112
C.2 The new ELisA based logbook . . . . . . . . . . . . . . . . . . 114
C.3 The switch page . . . . . . . . . . . . . . . . . . . . . . . . . . 115
C.4 Default e-mail notification links . . . . . . . . . . . . . . . . . 116
C.5 E-mail notification links for the FTK logbook . . . . . . . . . 116
C.6 E-mail notification links for the FTK logbook installed on a
local machine . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
C.7 New SA relevant to the FTK . . . . . . . . . . . . . . . . . . . 117
x
List of Tables
2.1 Vector bosons and the Higgs boson [31]. . . . . . . . . . . . . 6
2.2 Cross sections for electroweak and QCD-mediated VBS pro-
cesses with different final states at
p
s = 8TeV [43]. . . . . . 15
6.1 Nominal muon definition. . . . . . . . . . . . . . . . . . . . . 58
6.2 Loose muon definition. . . . . . . . . . . . . . . . . . . . . . . 59
6.3 Nominal electron definition. . . . . . . . . . . . . . . . . . . . 59
6.4 Loose electron definition. . . . . . . . . . . . . . . . . . . . . . 60
6.5 Selection criteria for signal regions. . . . . . . . . . . . . . . . 61
6.6 Classification scheme of particle origins . . . . . . . . . . . . 73
7.1 Gaussian widths used to smear energy and momenta of truth
particles [109] [108]. . . . . . . . . . . . . . . . . . . . . . . . . 82
7.2 Reconstruction efficiencies for muons. . . . . . . . . . . . . . 83
7.3 Trigger efficiencies for single electrons and muons. . . . . . . 84
7.4 Jet track confirmation and lepton pseudorapidity ranges for
four scenarios evaluating the effect of an extended tracking
system on the W±W±jj measurement. . . . . . . . . . . . . 85
7.5 Selection criteria for W±W±jj-EW events. . . . . . . . . . . 85
7.6 Final expected event yield for signal and background sam-
ples, after all selection cuts have been applied for each of the
four tracking scenarios. . . . . . . . . . . . . . . . . . . . . . . 87
7.7 Significances of the W±W±jj measurement for individual
channels as well as the combined significances for each of
the four tracking scenarios. . . . . . . . . . . . . . . . . . . . 87
7.8 Estimated precisions of the W±W±jj measurement for indi-
vidual channels as well as the combined precision for each of
the four tracking scenarios. . . . . . . . . . . . . . . . . . . . 88
7.9 Variations on the signal and background yields, signal signif-
icance, measurement precision obtained with the upgraded
detector, with respect to the current detector. . . . . . . . . . 89
7.10 Final expected event yield for signal and background sam-
ples after all selection cuts have been applied for each of the
four tracking scenarios, where the loose muons with pT > 10
have been preselected. . . . . . . . . . . . . . . . . . . . . . . 93
7.11 Final expected event yield for signal and background sam-
ples after all selection cuts have been applied for each of the
four tracking scenarios, where the loose muons with pT > 15
have been preselected. . . . . . . . . . . . . . . . . . . . . . . 93
7.12 Final expected event yield for signal and background sam-
ples, after all selection cuts have been applied for each of the
four tracking scenarios. . . . . . . . . . . . . . . . . . . . . . . 94
xi
7.13 Significances of the W±W±jj measurement for individual
channels as well as the combined significances for each of
the four tracking scenarios with the additional sample. . . . 95
7.14 Estimated precisions of the W±W±jj measurement for indi-
vidual channels as well as the combined precision for each of
the four tracking scenarios with the additional sample. . . . 95
B.1 Expected events yields foe signal and background for each
individual channel after all selection criteria have with the
four tracking scenarios. . . . . . . . . . . . . . . . . . . . . . . 108
B.2 Variations of the signal and background, signal significance
and measured precision obtained with the upgraded detec-
tor with respect to the current detector. Results for each indi-




CMS Compact Muon Solenoid
CR Control Region
CSC Cathode Strip Chamber








LHC Large Hadron Collider
LO Leading Order
MC Monte Carlo






NSW New Small Wheel




QFT Quantum Field Theory
QGC Quartic Guage Coupling
RPC Resistive Plate Chamber
SA System Affected
SCT Semi-Conductor Tracker
SM Standard Model of Particle Physics
sTGC small-strip Thin Gas Chamber
SW Small Wheel
TGC Triple Gauge Coupling
tgc Thin Gap Chamber
TRT Transition Radiation Tracker
VBS Vector Boson Scattering
xiii
Aan Lenie, my liewe oumagrootjie.




An interesting feature arises with the calculation of the longitudinal scatter-
ing amplitude for the WW scattering process. In the absence of a Standard
Model (SM) Higgs boson, the scattering amplitude grows as a function of
centre of mass energy squared until unitarity is eventually violated at ap-
proximately 1TeV [1] [2] [3]. The longitudinal WW scattering amplitude
can be regulated with the addition of a Higgs scalar if and only if the re-
cently discovered Higgs boson is indeed the Higgs boson predicted by the
SM [4]. Vector Boson Scattering (VBS) therefore provides a unique window
to study the nature of the mechanism of electroweak symmetry breaking
and is also a promising process to probe resonances beyond the SM.
One of the best channels to investigate VBS is same sign W boson scat-
tering [5]. This incredibly rare SM process has a unique experimental sig-
nature and is characterised by the presence of two high energy forward
jets and a lepton pair of the same electric charge. Both ATLAS and CMS
reported evidence of this rare SM process by studying proton-proton colli-
sion data at
p
s = 8TeV in 2014. ATLAS measured the cross section for elec-
troweak W±W±jj-EW production was measured to be   = 1.3 ± 0.4 fb at
a significance level of 3.6 standard deviations [6] [7], while CMS measured
  = 4.0+2.4 2.0 fb at an observed significance level of 2 standard deviations [8].
More recently, CMS reported another measurement with proton-proton col-
lision data at
p
s = 13TeV. The measured cross section for this study was
found to be  fid = 3.83±0.66 fb with a observed significance of 5.5 standard
deviations [9]. On the other hand, the ATLAS analysis of the W±W±jj-EW
measurement is still in the process of validating the measurement. The aim
of the current analysis is to make use of data from pp collisions at a higher
centre of mass energy than the previous study and observe an excess of
data events over the expected background processes at a significance level
of 5 standard deviations, which would provide corroborative evidence for
same sign W boson scattering.
Since it is still unclear whether the Higgs boson fully unitarizes the WW
longitudinal scattering amplitude at high energies or whether other physics
processes are involved [1] [2] [3], the study of the W±W±jj-EW process is
an important task that will be refined during later runs of the Large Hadron
Collider (LHC) through to the High-Luminosity LHC (HL-LHC) physics
program. Besides operating at an increased centre of mass energy of 14TeV,
the HL-LHC will also produce an integrated luminosity of L = 3000 fb 1
of proton-proton collision data [10]. The increased radiation and pileup
environment associated with the HL-LHC will result in occupancies and
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radiation damage to sub-detector electronics beyond the nominal design
values. To cope with this intense radiation environment several upgrades
of the ATLAS sub-detectors have been scheduled, which coincides with the
three long technical shutdowns of the LHC [11]. Particularly, the exten-
sion of the new Inner Detector tracker out to a pseudorapidity coverage of
|⌘|  4.0 will lead to the improved reconstruction of physics objects, thus
greatly enhancing the future W±W±jj-EW measurement. This thesis stud-
ies the upgrade of the Muon Spectrometer and two topics related to the
W±W±jj-EW process.
First, this thesis studies the upgrade of the Muon Spectrometer. In par-
ticular this thesis aims to provide a comprehensive assembly procedure for
the assembly of small Thin Gap Chambers (sTGC) of the New Small Wheel
(NSW). Since the assembly procedure for the assembly of these chambers
has not yet been finalised, a proposed procedure that was developed as a
summer student project at CERN through discussions with many experts
will be outlined.
This thesis continues by investigating the current W±W±jj-EW analysis by
making use of 28 fb 1 of proton-proton collisions data at a centre of mass
energy of
p
s = 13TeV that was collected by the ATLAS detector during
2015 and 2016. Specifically, the b-tagged control region of the W±W±jj-
EW process will be studied. This region is necessary to test the Monte
Carlo (MC) and data-driven techniques used to model fake leptons origi-
nating from hadronic decays.
Lastly, this thesis investigates the prospects of a W±W±jj-EW measure-
ment at the HL-LHC with a focus on an extended tracking system. In ad-
dition, the possibility of a forward muon-tagger attached to the New Small
Wheels of the upgraded Muon Spectrometer, which will increase muon re-
construction capabilities out to a pseudorapidity coverage |⌘|  4.0 is also
considered. The gain in significance, precision of the measurement of the
cross section, event yield and background suppression is reported with re-
spect to the nominal tracking scenario in which the tracking system has a
pseudorapidity coverage out to |⌘|  2.7.
Chapters of this thesis are structured in the following manner. First, the
foundational theoretical background concerning VBS will be discussed in
Chapter 2. Chapter 3 gives a description of the LHC as well as the current
ATLAS detector. Additionally, the reconstruction algorithms used by AT-
LAS to identify candidate physics particles will also be introduced. Next,
Chapter 4 will briefly discuss the upgrades of the LHC toward the HL-LHC,
as well as the upgrades of the ATLAS sub-detectors that will be affected
the most by the high radiation and pileup environment. However, the up-
grade of the Muon Spectrometer’s Small Wheels will rather be described
in Chapter 5. The main focus of this chapter will be the construction and
assembly of the sTGC chambers for the NSW. Furthermore, Chapter 6 ex-
amines the current 13TeV analysis of the measurement W±W±jj-EW mea-
surement with a focus on studies concerning the b-tagged control region of
this analysis. Afterwards, Chapter 7 will then investigate the prospect of
a W±W±jj-EW measurement at the HL-LHC using simulated data with a
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centre of mass energy of 14TeV. Investigations will focus mainly on the
extension of the Inner Detector tracker to the forward regions of the ATLAS
detector, however the effect of a very forward muon-tagger is also exam-
ined. Lastly, the final chapter provides a summary of the investigations
and results obtained in this thesis.
Additional material relating to the assembly of sTGC chambers as well as
the W±W±jj-EW measurement at the HL-LHC is given in Appendix A
and B, respectively. Lastly, Appendix C describes the implementation of
a logbook based on ELisA for the private usage of the Fast TracKer (FTK)





The SM of Particle Physics is one of the most successful and widely ac-
cepted theories in physics. This theory aims to describe all elementary par-
ticles in nature as well as their interactions. According to the SM, all matter
consists of three kinds of elementary particles: quarks, leptons and the me-
diators for each interaction. These elementary particles form the basis of the
SM, which combines quantum electrodynamics (QED) [12], the Glashow-
Weinberg-Salam theory of electroweak processes [13] [14] [15] and quantum
chromodynamics (QCD) [16] [17] by combining the principles of quantum
mechanics and special relativity to formulate a renormalisable Quantum
Field Theory (QFT) [18]. In addition, the electroweak symmetry is broken
in the SM by the Brout-Englert-Higgs (BEH) mechanism to allow for mas-
sive vector bosons and fermions [19] [20] [21]. A renormalisable QFT does
not yet exist for gravitation, it is therefore still unclear whether gravitation
can be included in the current framework of the SM. Since the completion
of this theory it has successfully met every experimental test, therefore any
deviations from the model are expected to be small.
VBS is a useful process to study and may reveal possible deviations from
the SM. This process has been identified as a promising process to inves-
tigate the nature of electroweak symmetry breaking. The best channel for
VBS measurements is same sign W boson scattering: a rare SM process
that has a distinctive experimental signature of a same electric charge lep-
ton pair and two high energy forward jets. This chapter will summarise
the SM and describe the theoretical formulations of the electroweak theory,
followed by electroweak symmetry breaking and the BEH mechanism. The
final section of this chapter will discuss VBS processes, different production
mechanisms of VBS and how these processes occur at the LHC.
2.1 The Standard Model of Particle Physics
In the SM fundamental particles can be categorised according to their spin:
fermions carry half integer spin and vector bosons carry integer spin. Fermions
can further be divided into leptons and quarks. Leptons will only experi-
ence electroweak interactions, while quarks will experience both electroweak
and strong interactions. Leptons and quarks can each be classified into
three generations. Stable matter in everyday life consists of leptons and
quarks of the first generation. On the other hand, particles of the second
and third generations are unstable, since these particles have high masses
and could decay into lighter, more stable, fermions. A classification of all
known elementary particles is shown in Figure 2.1. Each vector boson acts
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FIGURE 2.1: Classification of elementary particles in the
Standard Model [22]. Fermions are divided into quarks
(violet) and leptons (green), that can be further divided
into three generations (columns). Vector bosons (red) are
grouped together with the scalar Higgs (yellow). Each par-
ticle’s mass, charge and spin is also given.
as a mediator for at least one of the fundamental forces: strong, electro-
magnetic and weak. A vector boson known as the gluon is the mediator
for strong interactions, which are described by QCD. The charge that cor-
responds to QCD interactions is called colour charge and has three values:
red, blue and green. Only particles that have a colour charge will partake
in strong interactions, therefore the only particles that will interact strongly
are quarks and gluons. On the other hand, only composite colourless parti-
cles will be experimentally observable. This infamous problem is known as
confinement: a experimentally verified phenomenon where only colourless
combinations of quarks and gluons can propagate freely, due to the fact
that colour charged particles in free, unbound states have never been ob-
served. Another concept introduced in QCD is asymptotic freedom, where
quarks and gluons can become weakly interacting at small distance scales
and high energies. Particles carrying electric charge will partake in electro-
magnetic interactions, which is mediated by the photon,  , and described
by the famously successful theory of QED. Lastly, the weak force is con-
veyed by W bosons and Z bosons, which acts on all left handed fermions.
In contrast, the Higgs boson is a scalar with spin 0 and is not associated to
any force. This boson will be discussed at length in the following sections
of this chapter. Vector bosons, as well as the Higgs boson, have been sum-
marised in Table 2.1.
The SM is a gauge theory [23] [24], which requires the SM Lagrangian to
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TABLE 2.1: Vector bosons and the Higgs boson [31].
Particle Interaction Spin Charge (e) Mass (MeV)
  Electromagnetic 1 0 0
g Strong 1 0 0
W± Weak 1 ±1 80.385 ± 0.015
Z Weak 1 0 91.1876 ± 0.0021
H 0 0 125.7 ± 0.4
be invariant under complex phase transformations of a set of global sym-
metries. Each global symmetry, by Noether’s theorem [25], is connected
to an underlying conservation law of nature. Therefore, symmetries such
as rotations, translations in space and time and local frame invariance are
related to conservation of momentum, space and angular momentum. The
local symmetry group that describes the SM is given by:
SU(3)C ⇥ SU(2)L ⇥ U(1)Y (2.1)
where the strong interaction is represented by the SU(3)C symmetry group,
the C denoting colour charge, while the unified electroweak interaction is
represented by the SU(2)L ⇥ U(1)Y symmetry group. The charges asso-
ciated with the SU(2)L and U(1) symmetries are known as weak isospin,
Iw and weak hypercharge, Yw. This symmetry leads to the prediction of
massless spin-1 vector bosons. Both mediators for the electromagnetic and
strong interactions are indeed massless, however the mediators for the weak
interaction, the W and Z bosons, are observed to be very massive. In order
to accommodate these massive bosons the electroweak symmetry is spon-
taneously broken by the presence of a spin-0 field, which leads to the pre-
diction of the Higgs boson.
Recently, a possible candidate for the Higgs boson, which exhibits proper-
ties that are consistent with the SM, have been observed by the ATLAS and
CMS experiments at the LHC [26] [27]. In the following sections the theo-
retical formulations of the electroweak theory will be described, as well as
electroweak symmetry breaking and the BEH mechanism. The content in
the following section is a summary of descriptions found in [28], [29] and
[30] and are discussed in much greater detail in these sources.
2.1.1 Electroweak theory
First developed by Glashow, Salam and Weinberg in the 1960s, the elec-
troweak theory unified the electromagnetic and weak interactions into one
single gauge theory with the symmetry group SU(2)L ⇥ U(1). Associated
with the fundamental representation of this symmetry group are four vec-
tor bosons. Three vector bosons, W µ = (Wµ1,Wµ2,Wµ3), are associated
with SU(2) and another vector boson, known as B, is associated with U(1).
Both charged currents (CC) and neutral currents (NC) of the electromag-
netic and weak interactions are included in this theory. The weak CC inter-
actions are mediated by the W± bosons, which are linear combinations of
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the Wµ1 and Wµ2 vector bosons, while the electromagnetic and weak NC
interactions, mediated by the photon and the Z boson, are linear combina-
tions of the W 3 and B vector bosons. The W 1 and W 2 bosons are combined





(W 1µ ⌥ iW 2µ). (2.2)
The charged currents of the weak interaction will only act on left-handed
chiral fermions, while the neutral currents will act on both left-handed and
right-handed chiral fermions. With the exception of neutrinos that are al-
ways found to be left-handed, physical fermions are mixtures involving





that couples to Wµ with a dimensionless coupling constant of strength g!.
The weak charged current is giving by:
j±µ =  L µ⌧
± L (2.3)
where  L is a left-handed fermion doublet and ⌧± are 2 ⇥ 2 matrices con-
sisting of a linear combination of two Pauli matrices. To ensure a full weak





The neutral weak current, on the other hand, couples to the isosinglet, B,
with a coupling constant of strength
g0
2 . Weak hypercharge is related to




µ   2j3µ (2.5)
where jEMµ is the electromagnetic current.
By making use of the two coupling constants, g and g0, it can be shown that
the two neutral states, W 3 and B, are mutually orthogonal linear combi-
nations of the fields that mediate the electromagnetic and neutral currents.
The neutral states mix in order to create two linear combinations: a massless
combination corresponding to the photon, while the massive linear combi-
nation corresponds to the Z0. The transformation can be expressed in terms
of the two coupling constants, where the fields that mediate the electromag-
















Equivalently, the transformation may also be expressed as a rotation through








cos ✓!   sin ✓!
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To remain consistent, the unification of the unified electroweak theory with
ordinary QED requires that the coupling constants for the charged and neu-
tral currents must be related to the weak mixing as follows:
g0 = g tan ✓! (2.8)
Using the above-mentioned formulations it is possible to express the inter-












(j3µ sin2 ✓!jEMµ )Zµ+g sin ✓!jEMµ Aµ (2.9)
where the terms in this fundamental expression represent, in order, the
charged current weak interaction, the neutral current weak interaction and
the electromagnetic interaction. Since the final term in the Lagrangian cor-
responds to the electromagnetic interaction, the constant coefficient of this
term should be related to the electric charge. Therefore, the weak mixing
angle can be related to the electric charge:






With this expression the weak and the electromagnetic interactions have
been unified, however the problem of the massive W± and Z0 bosons has
still not been solved. The electroweak theory further complicates matters by
having different hypercharges for left-handed and right-handed fermions,
as well as only left-handed fermions being charged under the SU(2)L sym-
metry. However, in order for fermion mass terms to be gauge invariant the
transformations of left-handed and right-handed fermions are required to
be the same. By requiring the SM Lagrangian to be invariant under trans-
formations of the electroweak symmetry group, fermions are effectively re-
quired to be massless! For the massive bosons and fermions to be consistent
with the Standard Model, a mechanism is necessary that would break the
symmetry of SU(2)L⇥U(1). Since the photon is massless, this mechanism is
also required to keep the U(1) symmetry of the electromagnetic interaction
intact. The mechanism that solves the above-mentioned issues is known as
the BEH mechanism and will be discussed in the following section, which
is a summary of the content described in [31], [30] and [28].
2.1.2 Spontaneous electroweak symmetry breaking
In the SM, the electroweak symmetry SU(2)L ⇥ U(1) is broken by the BEH
mechanism, which introduces a new, complex scalar field,  , with a poten-
tial of V ( ) [19] [20] [21]. This scalar field transforms as a self-interacting
doublet under SU(2)L with four real degrees of freedom. The scalar field
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FIGURE 2.2: The BEH potential as a function of  1 and  2.
The blue circle indicates the minima of this potential, lo-
cated on a circle of radius µ/ . The ground state of this
potential is located in the valley and the red dot indicates
the choice of gauge [32].
When the quadratic term in this scalar potential is negative, the neutral
component of the scalar doublet acquires a non-zero vacuum expectation
value (VEV), as stated in [31]. The potential function is shown in Figure 2.2,
where it can be seen that the minima of this potential function occur on a
circle of radius
µ
  in   space. The non-zero expectation value is shown in











By expanding about the vacuum expectation value of the field, the pertur-









where H = H(x) is a real-valued scalar field representing the physical
Higgs boson and H(x) = 0 is the ground state of the potential. The kine-











Assigning the particular ground state shown in Equation 2.14, the SM sym-
metry of SU(3)C ⇥ SU(2)L ⇥ U(1)Y is broken into U(1)em. This effect is
known as spontaneous symmetry breaking, since the symmetry of the La-
grangian in Equation 2.15 is not respected by a particular ground state of
the system. It is caused when a system tends to its lowest energy state
without any external influence, hence "spontaneous". Of the four degrees of
freedom associated with the SU(2)L⇥U(1)Y gauge group, three are sponta-
neously broken. This implies that these three bosons have non-trivial trans-
formations of the ground state and indicate the existence of three massless
scalar particles, known as Goldstone bosons. The existence of one or more
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Goldstone bosons is a general phenomenon that always accompanies spon-
taneous symmetry breaking of a continuous global symmetry [33] [34].
The Higgs field couples to the Wµ and Bµ gauge bosons associated with












where g and g0 are the gauge couplings for the SU(2) and U(1) groups and
 a, a = 1, 2, 3 are the Pauli matrices. As a result the neutral and two charged
massless Goldstone degrees of freedom mix with the corresponding broken
generators of SU(2)L ⇥ U(1)Y and become the longitudinal polarisation
modes of the physical vector bosons, Z and W, stated in [31]. The fourth
generator remains unbroken, since it is associated with the unbroken gauge
symmetry of U(1)em and corresponds to the massless photon. Therefore,
from the initial four degrees of freedom of the BEH field, two are absorbed
by the W± vector bosons and another one is absorbed by the Z vector boson










The final remaining degree of freedom is the physical Higgs boson, a new
scalar particle. The Higgs boson is neutral under electromagnetic interac-
tions and transforms as a singlet under the SU(3)C symmetry, as stated by
[31]. The mass of the SM Higgs boson is given by Equation 2.19, where   is




The mechanism of electroweak symmetry breaking is closely related to the
scattering of massive vector bosons, since it regulates the longitudinally
polarised scattering amplitudes of massive vector bosons at high energies
and avoids the violation of unitarity in the scattering amplitudes. There-
fore, vector boson scattering is a promising process to study the nature of
electroweak symmetry breaking. The following section will introduce VBS
processes and will also demonstrate the important role that the Higgs bo-
son plays in these processes.
2.2 Vector Boson Scattering
The scattering of massive electroweak vector bosons, V V ! V V with V =
W or Z, is closely related to the mechanism of electroweak symmetry break-
ing, since the longitudinal polarisation modes of these massive electroweak
vector bosons correspond to the Goldstone modes of the broken symmetry
[35]. An interesting feature arises with the calculation of the scattering am-
plitude for WW scattering. In the absence of a SM Higgs boson, the longitu-
dinal polarised scattering amplitude grows as a function of centre-of-mass
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energy squared and violates perturbative unitarity at
p
s ⇡ 1TeV [1] [2]
[3]. With the addition of a Higgs scalar the scattering amplitude of these
processes can be regulated at high energies, restoring unitarity, only if the
recently discovered Higgs boson behaves as the SM Higgs boson [4]. One
type of VBS, W boson scattering, is therefore a process of great interest since
the process is linked to the mechanism of electroweak symmetry breaking.
In order to demonstrate the unitarity violation of VBS at high energies, the
scattering amplitude of the W+W  ! W+W  process will be discussed
as an example, which is a summary of the calculations found in [36] and
[37], where the scattering amplitude for this process have been discussed in
greater detail.
First, begin by considering the derivation of a covariant form for the longi-
tudinal polarisation 4-vector ✏µL(p) of the W boson, where the leading term







(p0, ~p) ⇠ O(mW /EW ). (2.21)
Note that the above-mentioned form of ⌫µ is not covariant. Next, consider
the centre of mass frame for the incoming W+(p1)W (p2) pair with ~p1 =



















in which s = (p1 + p2). To obtain the covariant form for the polarisation
vectors of the outgoing W+(k1)W (k2) pair, simply make the substitution
of (p1, p2) ! (k1, k2).
VBS processes must include quartic gauge coupling vertices, triple gauge
coupling vertices, as well as the Higgs exchange and Higgs boson produc-
tion vertices. The leading order Feynman diagrams contributing to VBS
processes are shown in Figure 2.3. Furthermore, by substituting the form of
the longitudinal polarisation vectors into the scattering amplitudes for each
of these individual contributions, the leading terms of order O(E4/m4W ) for
each of the scattering amplitudes can be shown to be:
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FIGURE 2.3: Leading order Feynman diagrams contribut-
ing to VBS processes. The s and t channels for Triple Gauge
Couplings (top row), Quartic Gauge Couplings (middle







































Where the quantities s, u and t are Mandelstam variables [38]. A scale fac-
tor, C2⌫ , has been added in the term involving contributions from the Higgs
boson, which must be set to be 1 in the SM. The terms of the s-channel and
t-channel for the TGC contributions can be combined to obtain











which can be summed to the terms involving the QGC contributions to
obtain terms proportional to O(E2/m2W ).
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FIGURE 2.4: Representative Feynman diagrams of V V jj-
EW production. The VBS scattering topology includes ei-
ther a triple gauge coupling vertex, the t-channel exchange,
a quartic boson coupling vertex or a Higgs boson exchange
in the s- or t-channels. The lines are labelled by quarks (q),
vector bosons (V) and fermions (f) [6].
Without the contribution from the Higgs term, the scattering amplitude
from Equation 2.30 would grow as a function of centre-of-mass energy
squared s and violates unitarity at
p
s ⇡ 1TeV. However, in the high en-
ergy limit of s   m2h,m2W Equation 2.28 becomes






which cancels out the term in Equation 2.30, leaving only an O((s/m2W )0)
dependence for the total scattering amplitude. Therefore, the terms increas-
ing with rising energy cancel and leaves a constant term that doesn’t violate
unitarity, if and only if the Higgs boson behaves as the SM predicts and the
scale factor C2⌫ is equal to exactly 1.
Studying these VBS processes is therefore essential to understanding elec-
troweak symmetry breaking within the SM and can also be used to deter-
mine Higgs couplings to gauge bosons. The energy dependence of the VBS
cross-section above the Higgs mass scale can be used to test whether the
Higgs boson unitarizes the scattering amplitude of VBS processes fully or
only partially [39]. Detailed studies of VBS processes will not only aid in
gaining a more thorough understanding of the mechanism of electroweak
symmetry breaking, but may also be sensitive to signatures of beyond SM
physics [36] [40]. The following section will describe VBS at the LHC, which
is a summary of discussions found in [6].
2.2.1 VBS processes at the LHC
At hadrons colliders like the LHC, VBS can be realised by vector bosons
radiated off incoming proton beams, interacting with each other and then
subsequently decaying. Multiple processes can produce the same final state
of two vector bosons and two jets (VVjj), however it is possible to separate
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FIGURE 2.5: Representative Feynman diagrams of V V jj-
EW production without the VBS topology. The lines are
labelled by quarks (q), vector bosons (V) and fermions (f)
[6].
FIGURE 2.6: Representative Feynman diagrams of V V jj-
QCD production. The lines are labelled by quarks (q), vec-
tor bosons (V), fermions (f) and gluons (g) [6].
VBS diagrams with this final state into two main groups: electroweak pro-
duction consisting of only electroweak-interaction vertices (V V jj-EW) and
strong production that includes at least one QCD-mediated vertex (V V jj-
QCD) [6]. The electroweak production processes (V V jj-EW) contain purely
electroweak mediated processes that are sixth-order in the expansion of
the electroweak coupling constant ↵EW (O(↵6EW ). The scattering of two
electroweak bosons occurs via triple or quartic gauge vertices, the s- or
t-channel exchange of a Higgs boson, or a W/Z boson. In addition, the
V V jj-EW category also include a component of EW non-VBS processes
with the same final state, however the two vector bosons do not scatter.
Since VBS are not gauge invariant, non-VBS processes with the same final
state must be included in the analysis to ensure gauge invariance [41]. On
the other hand, the strong production processes contain diagrams that are
fourth-order in electroweak interactions and second-order in strong interac-
tions with the strong coupling, ↵s(O(↵4EW↵2s). These processes can include
quark-quark or gluon-gluon scattering together with VV radiation or elec-
troweak VV production. Interference between the QCD and EW mediated
processes is expected to be constructive and increase the total cross section
in the analysis regions. Representative Feynman diagrams of V V jj-EW
production are shown in Figure 2.4, with non-VBS production shown in
Figure 2.5 and V V jj-QCD production shown in Figure 2.6.
Since electroweak production involves the VBS processes of interest, pro-
cesses must be studied where the strong production cross section does not
dominate the electroweak production cross section. Depending on the final
state of the VBS process, the relative ratio between electroweak and strong
production can differ significantly. Making use of Sherpa [42], the leading-
order (LO) production cross sections for V V jj-EW and V V jj-QCD can be
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calculated and compared with different final states, shown in Table 2.2.
TABLE 2.2: Cross sections for electroweak and QCD-




Final state Process V V jj-EW V V jj-QCD
l±⌫l0±⌫ 0jj (same sign) W±W± 19.5 fb 18.8 fb
l±⌫l0⌥⌫ 0jj (opposite sign) W±W⌥ 91.3 fb 3030 fb
l+l ⌫ 0⌫ 0jj ZZ 2.4 fb 162 fb
l±l⌥l0±⌫ 0jj W±Z 30.2 fb 687 fb
l±l⌥l0±l0⌥jj ZZ 1.5 fb 106 fb
Two possible processes may be used to study WW scattering: same sign
WW scattering, W±W±, and opposite sign WW scattering, W⌥W±. Even
though the predicted electroweak cross section for the opposite sign W⌥W±
process is far greater than the electroweak cross section for the same sign
W±W± process, the strong scattering cross section completely dominates
the former process. On the other hand, the QCD contributions for the
W±W± process are very small. This is due to the fact initial states involving
two LO gluons or a quark and a gluon are not present in the W±W± process
[44], which makes the electroweak and strong cross sections for this process
roughly of the same order. Therefore, the W±W±jj production process has
the largest cross section ratio of electroweak to strong production [5]. Con-
tributions from the s-channel exchange of a Higgs boson or a vector bo-
son are not present in W±W± electroweak production, while the t-channel
Higgs contribution is allowed and guarantees unitarity for the VBS process.
The excellent signal-to-background ratio together with the unique experi-
mental signature of same sign W±W± scattering, which greatly reduces the
Standard Model background processes, makes this process one of the best
channels for studying VBS processes at the Large Hadron Collider [45].
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Chapter 3
The current ATLAS Detector at
the LHC
In order to investigate the SM Higgs boson, test the SM and perhaps dis-
cover physics beyond the SM, one of the most powerful and largest acceler-
ators in the world has been built. This huge accelerator was commissioned
by the European Organisation for Nuclear Research (CERN) and is known
as the Large Hadron Collider (LHC). The LHC ring is 27 km in circumfer-
ence and is located 100m below the Swiss-Franco border, near Geneva [46].
It was designed to collide proton-proton (p-p), as well as lead nuclei (Pb-
Pb) and proton-lead (p-Pb) beams. The design centre of mass energy for pp
collisions at the LHC is 14TeV. Two of these high-energy particle beams
follow opposing trajectories in separate beam pipes and can collide at four
locations around the accelerator ring, which correspond to the four main ex-
periments at the LHC. Each of the experiments at the LHC will be described
in the next section, followed by a description of the multi-accelerator com-
plex implemented at the LHC. Next, the ATLAS detector and its main detec-
tor sub-system will be introduced, followed by the particle reconstruction
and identification algorithms used by ATLAS.
3.1 The Large Hadron Collider
An overall view of the four main experiments at the LHC, ATLAS, ALICE,
CMS and LHCb, is shown in Figure 3.1. ATLAS [47] and CMS [48] are gen-
eral purpose detectors built to search for the existence of the Higgs boson,
supersymmetry and dark matter candidates. In order for these experiments
to verify each other’s results, both detectors have complementary designs.
ALICE [49] and LHCb [50] are dedicated experiments focussing on specific
topics. ALICE studies heavy ion collisions to gain a better understanding
of the Quark Gluon Plasma (QGP) –a state of matter where quarks and glu-
ons become deconfined from hadrons and act as quasi-free particles [49].
LHCb has an asymmetrical shape optimised specifically for the detection of
B hadrons [50] and focus on measuring CP violation. These measurements
might aid in investigating the question of the asymmetry between matter
and antimatter observed by cosmologists in the universe. In addition to
the main experiments at the LHC, there are also two smaller experiments:
TOTEM [51] and LHCf [52]. These experiments make use of detectors lo-
cated in the forward regions along the beamline to carry out specialised
research. TOTEM studies the total pp scattering cross section as well as the
proton sub-structure. The experiment provides essential data necessary for
monitoring the luminosity at the LHC [51]. LHCf examines the similarities
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FIGURE 3.1: The four experiments at the LHC [53].
between cascades of particles triggered by cosmic rays in the upper atmo-
sphere and the cascades of particles caused by collisions inside the LHC
[52].
Installed inside the tunnel formerly used by the Large Electron-Positron
(LEP) collider, the LHC is by design a synchrotron [54]. The synchrotron
design not only limits the maximum beam energy of the LHC, but also re-
quires the pre-acceleration of the injected particle beams to a specific en-
ergy. Therefore, a multi-stage accelerator complex is used to accelerate par-
ticle beams to specific energies at various stages of the process. The acceler-
ator infrastructure at CERN is shown in Figure 3.2 and the following section
describing the complex is a summary of [54]. Furthermore, the subsequent
section on luminosity is a summary of the concepts described in [55] and
[56].
Proton beams are accelerated by the electromagnetic fields inside 16 radio
frequency (RF) cavities. Each of these RF cavities operates at a frequency
of 400MHz. Beam paths are kept circular by making use of 1232 supercon-
ducting dipole electromagnets with a magnetic field of 8.4 Tesla, while the
beams paths are also focussed with the aid of 390 quadrupole magnets.
These electromagnets are made from superconducting niobium-titanium
(NbTi) Rutherford cables and are kept at a temperature of about 1.9 Kelvin
by superfluid helium.
The process begins by producing protons from hydrogen gas with an elec-
tric field, which ionises the hydrogen atoms. The proton nuclei beams are
released into the Linear Accelerator (LINAC) and once 50MeV has been
reached, the beams are injected through a series of circular accelerators.
The first stage is the Proton Synchrotron Booster (PSB) which accelerates
protons to an energy of 1.4 Gev. Afterwards, proton beams are further ac-
celerated to an energy of 25 GeV in the Proton Synchrotron (PS). At this
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FIGURE 3.2: The accelerator complex at CERN [57].
stage of the complex, protons are ordered into discrete packets known as
bunches due to the oscillating electric field inside the RF cavities. Beams
leaving the PS are ordered into 72 bunches of protons with a duration of
4 ns and a spacing of 25 ns, which are then followed by 12 empty bunches.
The final stage is known as the Super Proton Synchrotron (SPS). It increases
the energy of the beam from the initial energy of 25 GeV to an approximate
energy of 450GeV after which, the proton beams are finally injected into the
LHC where the final stage of acceleration will be done. Experimental halls
are located between most of the pre-accelerators, since many experiments
at CERN require beams at various lower energies.
An accelerator’s energy and luminosity are the most important figures in
experimental accelerator physics [55]. Notably, the LHC was designed to
reach unprecedented high values for both its centre of mass energy and its
luminosity. Usually divided into two types, instantaneous and integrated,
luminosity is a measure of the number of collisions that occur at an interac-
tion point of a particle collider. These two types of luminosities are useful
to characterise the performance of the accelerator.
Instantaneous luminosity refers to the number of collisions per unit time,
per cross sectional area,  , and is therefore used to determine the intensity
of the beam. Given a specific cross section for a process of interest, the rate
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The instantaneous luminosity for beam-beam collisions can be expressed in








where Nb is the number of bunches per beam, np the number of protons
contained per bunch, f is the frequency of revolution and  x and  y specify
the beam widths in the transverse plane. S is a geometric reduction factor
which takes into account the non-zero crossing angle of the beams at the in-
teraction point. The aim of the operation of a particle collider is to optimise
the integrated luminosity, defined as the maximum luminosity. The total
integrated luminosity may be obtained from the instantaneous luminosity





where the integral is taken over the total amount of sensitive time, exclud-
ing possible periods of dead time. From these equations, one can see that
the study of rare processes requires high overall luminosities.
The design luminosity of the LHC is of the order 1034 cm 2s 1 which would
provide 40 million pp bunch crossings per second [54]. In 2015, the LHC
reached a centre of mass energy of 13TeV with proton bunches separated
by 25 ns in time. Furthermore, the LHC machine not only reached a peak
instantaneous luminosity of L = 5 ⇥ 1033 cm 2s 1, but also delivered a to-
tal integrated luminosity of 4.2 fb 1. During 2016, a peak instantaneous
luminosity of L = 13.8 ⇥ 1033 cm 2s 1 was reached with a total integrated
luminosity of 38.5 fb 1 [58].
3.2 The ATLAS Detector
The ATLAS detector is a multi-purpose detector designed to detect final
state particles and their kinematics with incredibly high precision. It is the
largest particle detector for collision experiments in the world and mea-
sures 45m in length, 25m in diameter and weighs approximately 7000 tonnes.
Additionally, it consists of multiple components or sub-detectors that are
specialised for the detection of different types of particles, as well as other
specific roles in the detection process. The main components of the ATLAS
detector are the inner tracking detectors, the calorimeter systems, the muon
spectrometer and the trigger system. An overview of the ATLAS detector
can be seen in Figure 3.3, which has been sliced such that each of the main
components is visible. This section will first describe the ATLAS coordi-
nate system, which is crucial for particle identification, followed by a brief
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FIGURE 3.3: The ATLAS detector. [47].
summary of the main sub-detectors. The following sections are brief sum-
maries based on the comprehensive descriptions of the ATLAS detector and
its components found in [47].
3.2.1 The ATLAS Coordinate System
A right-handed coordinate system with the nominal interaction point taken
as the origin is used within the ATLAS detector. The x axis points from the
interaction point towards the centre of the LHC ring, the y axis points di-
rectly upwards and the z axis points along the beam tunnel. Additionally,
the side of the detector along the positive z axis is referred to as the A-
side, while the side along the negative z axis is referred to as the C-side.
The x   y plane defines the transverse plane. Cylindrical coordinates are
used in this plane, where the azimuthal angle,  , is measured relative to the
positive y axis around the z-axis. The polar angle, ✓, is defined in the x  z
plane and is measured from the positive z axis with respect to the beam
pipe. An illustration of the coordinate system can be seen in Figure 3.4.
It is often more convenient to use the rapidity between particles as a co-
ordinate rather than a coordinate along the z axis, since the momenta of
the colliding beams for an event in the z-axis are hard to determine. There-
fore, it is useful to define variables that are Lorentz invariant to boosts along
the z axis. Rapidity, defined in Equation 3.4, is a more useful variable to
describe kinematics in hadron colliders, since differences in rapidity are
Lorentz invariant.
y = 1/2 ln[(E + px)/(E   pz)] (3.4)
In the case of the massless limit, in which the particle’s mass is small com-
pared to the particle’s momentum, this equation can be approximated and
simply becomes:
⌘ =   ln tan ✓/2 (3.5)
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where ⌘ denotes the pseudorapidity, which is the detector coordinate used
along the z-axis. The angular separation between two objects can then be
defined in the ⌘     space as,
 R =
p
( ⌘)2 + (  )2 (3.6)
Defining the coordinate system in the above-mentioned manner makes it
easier to determine the exact location of particles inside the ATLAS detector,
as well as being useful for particle reconstruction.
FIGURE 3.4: The ATLAS coordinate system [59].
3.2.2 Inner Detector
The Inner Detector (ID) measures tracks and momenta of charged particles
within |⌘| < 2.5. This detector enables the reconstruction of tracks that
have transverse momenta of pT > 500MeV with high efficiency and res-
olution. An axial magnetic field of 2T completely immerses the ID in a
cylindrical envelope of 7m in length, 2.3m in diameter. The ID consists of
three independent, but complementary components: the pixel detector, the
Semi-Conductor Tracker (SCT) and the Transition Radiation Tracker (TRT).
Both the pixel detector and the SCT make use of semi-conductor technol-
ogy to measure incident charged particles and photons. The pixel detector
requires high granularity sensors due to its close proximity to the interac-
tion point, as well as the design goal of reconstructing primary vertices.
Arranged in three layers in the barrel region and three disks in the end cap
region, the pixel detector has a total of 1744 sensors with each sensor con-
taining 47232 pixels. Therefore, the total number of readout channels from
the pixel detector is over 82 million! Moreover, the newly installed inner-
most layer of pixel detectors was operational for the first time during the
2015 data taking period [60]. The pixel layer has a transverse resolution of
10µm and a longitudinal resolution 115µm. Located outside the pixel de-
tector, the SCT makes use of silicon strips to cover a larger area. One SCT
module has two sets of silicon micro-strip sensors. The SCT consists of a
total of 4040 modules are arranged as four cylindrical layers in the barrel
Chapter 3. The current ATLAS Detector at the LHC 22
region and nine disks in the end cap region. The SCT provides a longi-
tudinal resolution of 580µm and a transverse resolution of 17µm. Signals
generated in the front-end electronics of the pixel detector and SCT are kept
in a memory buffer for approximately 3.2µs.
The outermost layer of the ID is the TRT, which comprises straw tube de-
tectors. These detectors measure the drift time of ionised charges caused
by charged particles as they traverse through the straw. Each straw has a
cathode tube with an anode wire in the centre, filled with a gas mixture
of 70% Xe, 27% CO2 and 3% O2. Since transition radiation yields higher
signal than minimum charged particles and the amount of transition radia-
tion produced is inversely proportional to particles mass, transition radia-
tor material fills the gaps between the straw tubes. As a result, these unique
properties of transition radiation enable the TRT to distinguish electrons
from other charged particles. The TRT only provides an transverse resolu-
tion to an accuracy of 130µm and does not provide any information in the
longitudinal direction.
3.2.3 Calorimeters
A calorimeter system provides identification and energy measurements for
electrons, photons, hadronic jets and missing transverse energy within a
range of |⌘| < 4.9. The two main calorimeters in the ATLAS calorimeter sys-
tem are the electromagnetic and hadronic calorimeters. Both calorimeters
make use of a sampling methodology based design, in which the detectors
consist of absorber and active materials. Absorber materials are usually
of high density and aid in particle shower development, while the active
materials collect and measure the deposited energy. The electromagnetic
calorimeter measures the energies of particles that interact electromagnet-
ically. It makes use of liquid argon as an active material, interleaved with
lead plates which serve as the absorber material. An overall accordion-
shaped geometry chosen for the absorbers and active materials of the barrel
and end cap electromagnetic calorimeters, ensures full coverage of  . Ad-
ditionally, this accordion-shaped geometry also enables fast extraction of
signal, while simultaneously providing information about the longitudinal
evolution of the electromagnetic shower. The measured energy resolution




E   0.2% and a spatial resolution of
50mrad
p
E in the ⌘ plane [61].
The hadronic calorimeter measures the energies of particles that interact via
the strong interaction. It consists of various calorimeters located in different
regions of the detector: the tile calorimeter, the extended barrel calorime-
ter, the liquid argon hadronic calorimeter and the liquid argon hadronic
forward calorimeter. Located in the barrel, the tile calorimeter covers a
range of |⌘| < 1, while the extended barrel calorimeter covers a range of
0.8 < |⌘| < 1.7. Both of the calorimeters located in the barrel region are
instrumented with scintillator tiles and steel for the active material and ab-
sorber material, respectively. On the other hand, the liquid argon hadronic
is located in the end cap region where it covers a range of 1.5 < |⌘| < 3.2
and uses copper as an absorber material. Finally, extending the range up
to |⌘| < 4.9, the forward calorimeter uses copper and tungsten as absorber
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materials. Furthermore, the active material for both the end cap and for-
ward calorimeters is liquid argon. The measured energy resolution for the
tile calorimeter was determined to be 50%/
p
E   3% [62], while the mea-
sured energy resolution for the hadronic end cap calorimeter was found to
be 21%/
p
E for electrons and 70%/
p
E  6% for pions [63]. These measure-
ments for the forward calorimeter was determined to be 29%/
p
E   3.5%
for electrons and 70%/
p
E   3% [64].
The forward calorimeter determines missing transverse energy, but also
records information for measurements of strongly interacting particles in
the forward regions of the detector. A prominent example of these types of
interactions is VBS processes.
3.2.4 Muon Spectrometer
Located in the outermost layer, the Muon Spectrometer (MS) defines the
overall dimensions of the ATLAS detector. The MS consists of different de-
tector modules located in the barrel and end cap regions of the detector, pro-
viding tracking capabilities for a near-continuous range of |⌘|. Markedly,
the Monitored Drift Tube chambers and the Cathode Strip Chambers are re-
sponsible for precision measurements, coupled with Resistive Plate Cham-
bers and Thin Gap Chambers serving as dedicated trackers. A magnetic
field between 0.5   1T, provided by toroid magnets located in the barrel
and end cap regions, completely surrounds the MS. Figure 3.5 shows a lay-
out of the various components of the muon system. The ATLAS detector
was designed to contain all other stable particles in the calorimeters. There-
fore, only muons, due to their lifetime and higher mass, will reach the MS.
Neutrinos will also traverse through the ATLAS detector with a negligible
probability of interaction, however since these particles are neutral they are
unlikely to interact with the MS system.
Monitored Drift Tube (MDT) provide precision measurements of muon tracks
to a minimum threshold of pT > 3GeV. Three stations of MDT’s are ar-
ranged in concentric cylinders in the barrel region and cover a range of
|⌘| < 1. Similarly, another four stations are arranged as disks in the end cap
regions with a range of 1 < |⌘| < 2.7. MDT’s are based on a similar concept
as the TRT by making use of cathode tubes with an anode wire in the centre
that is filled with a gas mixture (93% Ar and 7% CO2). Muons travers-
ing through the tube cause ionisations, which are consequently collected
by the anode wire. Hence, the distance of the muon track from the central
wire can then be determined by the drift time. The average resolution of a
MDT chamber in the bending direction is approximately 25µm. In addition
to the MDT’s, Cathode Strip Chambers (CSC) also perform precision mea-
surements and are arranged in two disks for each of the innermost end cap
disks. The Cathode Strip Chambers (CSC) are located 7m from the inter-
action point. Due to the proximity to the interaction point, CSC’s require a
faster time resolution and higher rate capability which enable these detec-
tors to manage higher fluxes of particles. CSC’s are multi-wire proportional
gas detectors with a cathode strip readout. The chambers are filled with a
gas mixture (80% Ar and 20% CO2) and contain a mesh of parallel tungsten
wires. These wires serve as the anodes, held at a potential of 1900V, and
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FIGURE 3.5: Layout of the a quarter muon system in the
y   z plane. The blue blocks indicate the MDT’s located
in the end cap region, while the green blocks indicate the
MDT’s located in the barrel region. Also marked on the plot
are the CSC’s, TGC’s, RPC’s and the Small and Big Wheel
regions of the detector [65].
are surrounded by two parallel strips of cathodes. The disk is composed of
small and large chambers with different readout pitches in the transverse
and longitudinal directions resolutions. Therefore, the total overall resolu-
tion is 40µm in the bending direction and 5mm in the transverse direction.
The MS has two types of dedicated trackers at its disposal: Resistive Plate
Chambers (RPC) located in the barrel region and Thin Gap Chambers (TGC)
located in the end cap region. For the RPC and TGC, information is de-
livered to within |⌘| < 1 and 1 < |⌘| < 2.4, respectively. As their name
suggests, RPC’s consist of two resistive plates with a gap of 2mm. The gap
between the plates, which is filled with a gas mixture, is held at an uniform
electric field. RPC’s can reconstruct tracks up to 35GeV with a spatial reso-
lution of 10mm in both the transverse direction and the bending direction.
On the other hand, TGC’s are also multi-wire proportional chambers and
similar to CSC’s. Their wires, however, are held at a much higher voltage
of 2900V. In addition, the size of wire groups utilised to measure positions
are varied between 6 and 31 wires in order to maintain good momentum
resolution at higher |⌘|. The TGC chambers provide a trigger efficiency for
a minimum ionising particle of 99% within a time window of 25 ns.
3.2.5 Trigger system
At the design luminosity of the LHC, the period of proton bunch crossings
will be 25 ns that will result in a collision rate of 40MHz. This is a tremen-
dously large amount of data that can’t be stored on a daily basis on disk. It
should also be noted that not all collision events are interesting to physics
analysis. Therefore, only events containing interesting physics processes
should be kept. To quickly and efficiently decide whether an event is worth
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recording, a trigger system consisting of a three level structure has been put
in place.
The first level of the trigger system, L1, is completely hardware based. Only
a fraction of the total detector information is used by the on-detector elec-
tronics, at a reduced granularity, to be able to make decisions in 2.5µs. The
L1 trigger searches specifically for signatures of muons, electrons, photons
and jets with high transverse momentum. Furthermore, the L1 trigger also
scans for ⌧ leptons decaying into hadrons. Events with large missing or
total transverse energy are also identified. At L1 trigger stage, the total
nominal data-taking is reduced only to 75 kHz.
The next level of the trigger system, L2, is software based and has the
full event information at its disposal to investigate the regions of interest
(RoI’s), tagged by the L1 trigger. By only evaluating the RoI’s, a fast pro-
cessing time of 40ms can be achieved at the L2 stage. After the L2 stage of
the trigger system, the total amount of data has been reduced to 3.8 kHz.
The final stage of the trigger system is known as the Event Filter, which
makes use of the offline reconstruction algorithms that will be discussed in
the following section. The Event Filter also makes use of calibration and
alignment measurements, as well as the current magnetic field map to in-
crease the accuracy of reconstructed events. Consequently, the offline anal-
ysis is performed at an average of 4 s for each event and reduces the amount
of data to 200Hz. After this final stage of the trigger system, the accepted
events are sent to storage facilities before being made available for physics
analysis.
Since the L1 trigger makes decisions with less information than the full of-
fline event reconstruction, a trigger selection at the L1 stage at a specific
energy may not be optimal. The probability of a physics object to be ac-
cepted at the L1 trigger level as a function of its energy is called the trigger
efficiency, however trigger efficiencies for L2 and the Event Filter are also
used. The trigger performance of the trigger system is demonstrated in [47].
3.3 Simulated Monte Carlo samples
To properly investigate possible new physics processes beyond the SM it
is crucial to compare data measured by the ATLAS detector subsystems
to theoretical predictions. This can be achieved by created simulated data
samples based on the Monte Carlo (MC) procedure, hence the name of MC
samples for simulated data [66]. These MC samples can also be used to
reflect the response and performance of the current detector, by compar-
ing well-understood predictions of SM processes with the estimations pro-
duced from full detector simulations.
Several MC generators are used to simulate data samples. Each of these
generators have different properties, since different sets of parameters are
used as inputs as well as making use of different generation methods. For
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this reason, some generators are more suited to generate certain SM pro-
cesses than other generators, while in some cases the use of different gen-
erators may even complement one another. The exact differences between
generators and implementation of MC methods are beyond the scope of this
thesis, the reader is referred to [67], [68] and [69] for detailed discussions.
Commonly used multi-purpose MC generators are Sherpa [42], Pythia 6
[70] or 8 [71] [72], Herwigg++ [73], Madgraph [74] [75] and Whizard [76]
[77]. Furthermore, MC generators that provide NLO calculations for spe-
cific processes are VBFNLO [78] and Powhegbox [79].
3.4 Particle reconstruction and identification
Many different kinds of particles can be produced in a pp collision, how-
ever these particles cannot be observed directly. Only through different
interactions with various components of the ATLAS detector can the type
of particle and its kinematic properties be inferred. Some particles have
short lifetimes and decay before they can reach any sensor components of
the detector. Outgoing quarks and gluons become fragmented and hadro-
nise, producing a conglomeration of particles with longer lifetimes. This
means that only a finite range of stable particles can interact with various
detector components. Final state particles leave very distinctive signatures,
which allows reconstruction algorithms to read out the information from
the detector components and build object candidates. Figure 3.6 shows the
various ways that final state particles can interact with the ATLAS detector.
Electrons and photons interact in the electromagnetic calorimeter as elec-
tromagnetic showers, with the electron leaving a track in the inner detec-
tor. Protons will leave tracks in the inner detector and will then deposit a
cluster of energy in the hadronic calorimeter. Neutrons deposit energy in
the hadronic calorimeter as well, however they do not leave tracks in the
inner detector. Since protons and neutrons are particles that are compos-
ite of quarks, these particles are usually identified as hadronic jets that are
formed from the hadronisation of quarks and gluons. Muons will traverse
the entire detector, leaving tracks in the inner detector, small energy de-
posits in the electromagnetic calorimeter and finally interact with the muon
chambers. Neutrinos will also traverse the entire detector, however unlike
muons, they will not interact with any of the detector components and will
not leave any tracks. Neutrinos can therefore only be identified by exam-
ining the imbalance of transverse energy and momentum in events. The
reconstruction algorithms used by ATLAS to identify the various above-
mentioned particles will be discussed in the following sections.
3.4.1 Tracks and vertices
Tracks are reconstructed by making use of hits in the inner detector and fit-
ted with several variables, measured at the point of closest approach to the
beamline. These variables are the track’s radius of curvature, which can in
turn be used to determine the charge-transverse momentum ratio (q/pT ),
the polar and azimuthal angles and also the transverse and longitudinal
impact parameters. The transverse and longitudinal impact parameters (d0
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FIGURE 3.6: Different stable particles interacting with the
ATLAS detector [80].
and z0) are defined as the distance in the transverse plane or longitudinal
axis between the track and the interaction point [81].
Vertices are reconstructed from tracks that fulfil a set of requirements which
determine whether the tracks originated from the interaction point [82].
Since the detector sub-systems are sensitive to multiple pp collisions that
may occur within a single bunch crossing, multiple vertices are reconstructed.
In this case, the vertex with the greatest sum of its associated track trans-
verse momentum is defined as the primary vertex. The primary vertex is
used to compute any reconstructed quantity related to the primary recon-
struction vertex. For this analysis, only events are considered where the
primary vertex has at least three associated tracks.
3.4.2 Jets
Due to QCD confinement, quarks and gluons hadronise before they can
interact with the detector, which appear as clusters of collimated particles
known as jets. The topological clusters (topoclusters) of energy deposits in-
side the hadronic calorimeter can be combined in order to reconstruct jets.
An energy cell, with a signal that is at least four times greater than the ex-
pected electronic noise, is used as a starting seed to build these topoclusters.
Furthermore. all neighbouring cells surrounding the seed are also collected
and added to the cluster. Finally, any adjacent cells with signals greater than
twice the expected noise value are then collected, as well as their neigh-
bouring cells. This process is performed iteratively until all signals have
been collected and added to the cluster. The position of the topocluster can
then be defined by making use of an energy-weighted average of cell posi-
tions [83].
Chapter 3. The current ATLAS Detector at the LHC 28
A specific algorithm, known as the anti-kt algorithm [84], is used to define
a general method of combining clusters to form a single candidate jet. This
algorithm compares distances between an object pair, dij , and the distance













where pT,i is the transverse momentum of object i,  Rij is the spatial dis-
tance between the two objects in the ⌘   plane and R is a distance param-
eter that is used to restrict the size of jets. The distance parameter is usually
fixed at a value ranging from 0.4 to 1.2. For each object, the distances dij and
diB are calculated. If the minimum distance is diB , then the object is consid-
ered a complete jet and removed from the list of input particles. Otherwise,
the two objects, i and j, are combined by adding their four-momenta. This
process continues iteratively until all clusters have been combined.
To give an approximation of the reconstructed objects in the idealised case
where the calorimeter is perfectly efficient, this algorithm can also be used
to create truth jets. The inputs for truth jets are stable particles from the MC
truth record, rather than energy deposits from the calorimeter. All particles
with lifetimes longer than 10 ps, with the exception of muons and neutri-
nos, are included in the clustering of truth jets.
Once the algorithm has combined all clusters, the resulting reconstructed
jet must be calibrated to take into account the different detector responses
between electromagnetic and hadronic showers that are not corrected by
the detectors. Consequently, jets are recalibrated to the full hadronic scale,
known as the jet energy scale (JES), which is based on MC simulations of
QCD di-jet events [85] [86].
Jets originating from the hadronisation of b quarks have unique features,
due to the relatively long lifetimes of hadrons containing a b quark. AT-
LAS has developed several algorithms for the b-tagging of jets, which make
use of different methods to singularly search for evidence of a B hadron
decay. The IP3D algorithm relies on information concerning the impact
parameters of the tracks associated with jet objects, while SV1 and Jet-
Fitter reconstruct secondary vertices inside the jet [87]. In addition, the
MV1 algorithm uses multivariate techniques to combine the variables from
the above-mentioned algorithms to greatly enhance b-tagging performance
[88].
3.4.3 Electrons
Electron candidates are reconstructed by combining a track in the inner de-
tector that points to an energy deposit in the electromagnetic calorimeter
[89]. A "sliding-window" algorithm [90] is employed to search for energy
clusters in the electromagnetic calorimeter, which could be used as seeds for
object reconstruction. The size of the window is   ⇥ ⌘ = 0.025⇥0.025 and
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the energy clusters must have a transverse energy of at least 2.5GeV. Stan-
dard ATLAS track reconstruction algorithms are employed to reconstruct
tracks in the inner detector modules [91]. Additionally, the track reconstruc-
tion algorithm is complemented by a dedicated pattern recognition algo-
rithm to take into account the potential energy loss due to brehmsstrahlung.
Electron candidates are identified by matching the reconstructed tracks to
the seed clusters in the electromagnetic calorimeter. In the case where mul-
tiple tracks are matched to a cluster, the track is chosen with at least one hit
in the Pixel detector. If multiple tracks also have hits in the pixel detector,
then the track with the smallest  R is selected.
Once the candidate clusters have been identified, blocks of cells of varying
sizes are used to rebuild the clusters. The varying sizes of the cells depend
on the location of the pre-cluster in the calorimeter, coupled with the type
of particle candidate in the process of being reconstructed. For electrons
and converted photons, a block of cells of size 3 ⇥ 7 is used in the barrel,
while a block of cells of size 5 ⇥ 5 is used in the end cap. Showers from
electrons are wider in the barrel region than for photons, since electrons are
more likely to interact with upstream material and can also emit photons
from brehmsstrahlung. Due to the magnetic field, the electron’s trajectory
is also curved in the   direction. For this reason, the   size of the cluster is
increased to contain most of the energy deposited in the calorimeter. Simi-
larly, the   size of the cluster is also increased for converted photons, since
they can produce electron-positron pairs that spread out in the   direction
also due to the magnetic field.
In contrast, the effect of the magnetic field is smaller in the end cap region,
leading to a smaller block of cells of identical size for all particles types.
The ⌘ size of the cluster is much larger than in the barrel, due to the smaller
physical cell size. The total energy of the cluster is obtained by calculating
the sum of the measured energy in the cluster and estimating the amount
of energy lost before reaching the calorimeter. An in-situ calibration is per-
formed by making use of Z ! ee and J/ ! ee data events [92], before
the final electron energy have finally been calculated. The four-momenta of
the cluster may then be calculated by using the energy that has been con-
structed from the cluster and the ⌘ and   obtained from the associated track.
For the identification of electron candidates, ATLAS uses multivariate se-
lection strategies together with a cut-based strategy. Three categories of
electrons has been defined for both of these approaches: loose, medium and
tight. Each of these categories have a different signal efficiency and back-
ground suppression associated with them. The classification of these cate-
gories is defined based on information about the transverse and longitudi-
nal shape of the electromagnetic shower, energy leakage into the hadronic
calorimeter, the quality of the inner detector track measurement, the track-
to-cluster matching accuracy and the number of high threshold hits in the
TRT. More information regarding these identification definitions is given in
[89] [93].
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3.4.4 Muons
Muons traversing through the ATLAS detector will create hits in the track-
ing detectors, but will deposit only small amounts of energy in the calorime-
ters due to their minimum ionising behaviour. Therefore, the reconstruc-
tion of muons relies mainly on the MS and the ID [94] [95]. Depending on
the type of information available from various detector components four
types of muons can be reconstructed: stand-alone, combined, segment-
tagged and calorimeter tagged.
Stand-alone muon candidates are usually reconstructed at a range of 2.5 <
|⌘| < 2.7. Since this range is beyond the coverage of the ID, these muons can
only be reconstructed based on the information from the MS. Two layers of
MS chambers are usually necessary in order to construct a track. Further-
more, the track is then extrapolated back to the closest point to the beam
line to determine the direction of flight and impact parameters, while si-
multaneously taking the estimated energy loss in the calorimeter system
into account. Even though the acceptance level has been extended beyond
the coverage of the ID, reduced momentum and impact parameter reso-
lution are associated with this method. Combined muon candidates are
reconstructed independently in both the ID as well as the MS, which are
subsequently combined. The combination of muon tracks in both detectors
provides the best momentum resolution as well as excellent background
rejection. Most ATLAS analyses make use of this type of reconstructed
muons. Segment-tagged muon candidates are usually reconstructed in the
ID and extrapolated to the MS, where it is matched with a single track
segment. These muons traverse only one layer of a MS chamber, due to
either small transverse momentum or a poorly equipped area in the MS.
Calorimeter tagged muon candidates are formed when an ID track is not
associated with any track segments in the MS, but points to an energy de-
posit in the calorimeter. The energy deposit must also be consistent with a
minimum-ionising particle. This type of reconstructed muon suffers from
high background contamination.
For the reconstruction of stand-alone, combined and segment-tagged muons
two complementary algorithms exist –both producing very similar results
[96]. One approach, known as STACO, performs a statistical combination
of the individual fits from track parameters by using their covariance ma-
trices. The other approach, MUID, carries out a global refit of the track by
using hit information from both the tracking detectors. A third algorithm
that would aim to combine the best features of the previously mentioned
approaches is currently being developed for future use.
For the identification of muons, ATLAS defines a set of criteria to define
the purity of a muon candidates. The criteria is based on the type of recon-
structed muon, its position in ⌘ among other requirements. Three muon
quality working points may be used: tight, medium and loose. Similar to
the electron case, each of these working points have a different signal ef-
ficiency, background suppression and rejection of fake muons associated
with them.
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3.4.5 Missing transverse energy
Non-interacting particles, where neutrinos are the most prominent exam-
ple, traverse through the ATLAS detector without leaving any tracks or en-
ergy deposits in any of the various detector components. Hence, the pres-
ence of these particles can only be inferred from the imbalance of transverse
momenta in events. The vector sum of the transverse momentum should be
exactly zero in the case where all particles have been detected in an event,
due to the conservation of momentum in the transverse plane. Correspond-
ingly, the inverse of the vector sum of all transverse momentum is known
as the missing transverse momentum. ATLAS makes use of the calorimeter





where the sum runs over all particles produced and detected in an event.
An object based approach is used in order to reconstruct the missing trans-
verse energy. This approach allows for the use of different energy calibra-
tion schemes for different types of particles, which leads to optimised reso-










In this equation, the first five terms represent the contributions from recon-
structed electrons, photons, hadronically decaying ⌧ -leptons, muons and
jets. Moreover, jets with pT > 20GeV, calorimeter topoclusters and tracks
that are not associated with any high-pT objects are also included in the
calculation, which form the soft term in the equation. The muon contri-
bution for the EmissT calculation must be corrected to account for energy
deposits that are created by muons in the calorimeter system. This can be
done by correcting the term for the estimated energy loss of the muon in the
calorimeter, which would already be included in the soft term contribution.
The balance in the transverse momentum is ruined by pileup events, which
cause the EmissT resolution to be reduced. Pileup events refer to the case
where either multiple events occur in the same bunch crossing or where
the sub-detectors are sensitive to tracks in the time window between the
main interactions. The reconstruction of the missing transverse energy, as
well as the calibration of each of the terms is explained in [97] [98].
Calorimeter response is sensitive to several effects such as dead or noisy
read-out channels, poorly estimated inactive material, escaping particles or
mis-measurement of their energy. These effects can produce events with
fake large EmissT or degrade its resolution. As a result, the reconstructed
missing transverse energy incorrectly reflects the actual missing transverse
energy originating from a proton-proton collision. By making use of a
track based measurement of pmissT as a complementary measurement to the
calorimeter EmissT , these background processes can be reduced significantly.
However, this method can only be used for charged particles, since neutral
particles do not leave any tracks in the Inner Detector. The imbalance of
transverse momentum, pmissT , of a collision event is calculated by making
use of tracks originating from the primary vertex and reconstructed in the
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Inner Detector. The reconstructed primary vertex must have at least three
constituent tracks, while at least one track of the event must pass a set of
"high quality track requirements". The x and y components of and event’s





which assumes that all tracks satisfy the high quality track requirements.
The reader is referred to [99], for a more detailed discussion on this topic.
3.4.6 Overlap removal
In addition to basic object selection, it is possible for two or more objects to
overlap in ⌘     space. In this case, only one of the objects is considered
whereas the other object is rejected. Since the EM calorimeter is utilised
to reconstruct both electron candidates and jet candidates, an electron is
always also reconstructed as a jet. In the case where a jet lies within a cone
of radius R = 0.3 to an electron, the jet is removed. In addition, any jet
candidate that lies within the above-mentioned radius of a muon is also
removed. Lastly, any electron that lies within a cone of radius R = 0.1 of a
muon is removed. This is necessary to account for highly energetic muons




Upgrade of the LHC and
ATLAS detector
Over the coming decade the LHC instantaneous luminosity is expected
to increase to 2   5 ⇥ 1034 cm 2s 1 with respect to the design luminos-
ity [100], ultimately leading up to the High-Luminosity LHC (HL-LHC)
physics program. Besides operating at an increased centre of mass energy
of
p
s = 14TeV, the HL-LHC will also produce a total integrated luminos-
ity of L = 3000 fb 1 corresponding to an average of µ = 200 inelastic pp
collisions per bunch crossing [10]. The main motivation for the HL-LHC is
to extend and improve the physics program of the current LHC. Depend-
ing on the results of the LHC, the physics agenda for the HL-LHC, outlined
in [101], [102] and [10], could focus on rare Higgs boson decays, precision
studies of many Higgs couplings and the study of VBS [103], among many
other interesting possible studies. Due to statistical errors dominating the
uncertainty of the Run I W±W±jj-EW measurement at
p
s = 8TeV [6] [7],
the study of this process will be continued at future runs of the LHC at
higher energies to refine this measurement.
To cope with the intense radiation and the increased pileup environment
the ATLAS sub-detectors will require several significant upgrades or re-
placements. Particularly, upgrading the ATLAS sub-detectors, namely the
inner tracking system, the calorimeters and the muon system, to include
additional instrumentation and extend the pseudorapidity coverage in the
forward regions out to |⌘|  4.0 will lead to the improved reconstruction
of physics objects. However, all extensions of the sub-detectors rely on the
foundational charged particle reconstruction capabilities of the inner track-
ing system over an extended pseudorapidity range [104]. For this reason,
the main focus will be the extension of the Inner Detector tracker to detect
charged particles within 2.5 < |⌘| < 4.0.
The following sections will outline the luminosity upgrades of the LHC,
as well as the scheduled upgrades of the ATLAS sub-detectors toward the
HL-LHC. The reader is referred to [11] for further discussions, since the fol-
lowing sections provide a summary of this work. Additionally, the exten-
sion of the ID tracking system will be discussed, since this specific feature
will be of great importance in the study of VBS at the HL-LHC. Lastly, the
final section of this chapter will describe the expected performance of the
upgraded ATLAS detector during the HL-LHC run, which will be imple-
mented to study the sensitivity of the SM W±W±jj-EW measurement atp
s = 14TeV with a realistically projected upgraded ATLAS detector.
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FIGURE 4.1: Upgrade schedule for the LHC towards the
HL-LHC [105].
4.1 Scheduled LHC upgrades
A series of luminosity upgrades have been scheduled to prepare for the
eventual upgrade of the LHC to the HL-LHC. The main goal is to increase
the total integrated luminosity from approximately 300 fb 1, collected by
the end of the LHC run in 2022, to 3000 fb 1 by the end of 2035. Accord-
ingly, three long technical shutdowns have been foreseen for the LHC, dur-
ing which various modifications and upgrades will be made toward the
HL-LHC. These three technical shutdowns are known as ’phases’, some
of which have already been completed: Phase-0 (started in 2013 and con-
tinued during 2014), Phase-I (scheduled for 18 months from 2018 to 2019)
and Phase-II (scheduled for 30 months between 2023 and 2023). Figure 4.1
shows a schematic of the scheduled technical shutdowns for the LHC.
Currently, Run II is underway which immediately followed the first long
technical shutdown and will last for three years. The consolidation in the
superconducting circuits of the LHC during the technical shutdown en-
abled the peak design luminosity and centre of mass energy to be reached
during Run II. Next, the Phase-I upgrade will take place during the long
shutdown between 2018 to 2019, which will aim to upgrade the injectors,
the collimation system as well as the upgrade of the pre-accelerator chain.
Specifically, the current Linac2 will be replaced with a more powerful pro-
ton linear accelerator, Linac4. In addition, the output energy of the Proton
Synchrotron Booster will be increased. The goal of these upgrades will be
to reach a centre of mass energy of 14TeV and to increase the instantaneous
luminosity by a factor of three. After the Phase I upgrade, experiments will
be able to collect up to 300 fb 1 of proton-proton collision data. Finally, the
Phase-II upgrade will be scheduled from 2023 to 2024, which will enable
the installation of new focusing magnets and crab cavities. After these fi-
nal scheduled upgrades, an instantaneous luminosity of 5 ⇥ 1034 cm 2s 1
should be accomplished.
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4.2 ATLAS upgrades toward the HL-LHC
Due to the harsher radiation and high pileup environment associated with
HL-LHC, several of the ATLAS sub-systems will require modifications. The
ATLAS upgrade program has been scheduled in three phases, which cor-
responds to the three long technical shutdowns of the LHC. The main re-
quirement of the sub-system upgrades is to maintain, or improve upon, the
same level of detector performance achieved at the current LHC [11]. The
harsher radiation conditions will affect sub-detectors that are located at a
close proximity to the beamline or in the very forward regions, due to the
high particle fluxes in these regions. Therefore, due to the expected increase
of radiation damage, the Inner Detector, the forward calorimeter and the
forward muon wheels will require several upgrades or even complete re-
placement. Possible foreseen modifications include radiation hard tracking
detectors with higher granularity, improved bandwidth and more robust
front-end (FE) electronics. Moreover, the higher event rates and event sizes
will pose a great challenge for the Trigger and data acquisition systems,
which will require new trigger algorithms.
All planned upgrades to the various sub-systems of the ATLAS detector
are discussed in detail the Scoping Document [10]. The following section
will briefly discuss the upgrades of the Calorimeter and trigger systems, as
well as the extension of the ID. The upgrade of the Muon Small Wheels is
thoroughly investigated in this thesis and will be described in great detail
in Chapter 5.
4.2.1 Calorimeter and trigger upgrades
The high radiation and pileup conditions will impact the Calorimetry sys-
tems significantly. In order to maintain adequate performance the cold elec-
tronics inside the Liquid Argon Hadronic calorimeter will be completely
replaced. In addition, the on and off-detector electronics for both the Liq-
uid Argon Hadronic and Tile calorimeters will be implemented with a new
readout architecture. Furthermore, digital information for all calorimeter
cells for every bunch crossing will be transmitted directly to the off-detector
system, greatly reducing system occupancies of front-end electronics in the
high radiation environment. Lastly, transmission data bandwidth will be
increased for the entire calorimeter system, up to a value of 200Tbps.
The back-end system will be utilised to feed the Level-0 and Level-1 trig-
ger systems with pre-processed digital information. This system will also
include a pipeline memory with programmable depth, ensuring the the sys-
tem will be capable of coping with the latencies and trigger rates outlined
in the new trigger schema [102]. The planned upgrade of the ALAS trigger
system will include the addition of a Track Trigger at Level-1 and Level-2,
leading to the application of full granularity of the calorimeter at Level-1 as
well as the improvement of the muon trigger coverage.
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FIGURE 4.2: Schematic of the ”extended” (top) and ”in-
clined” (bottom) layouts, under consideration for the ITk,
showing the active areas of silicon detectors arranged in
cylinders and disks [106].
4.2.2 Extension of the Inner Detector
The number of pileup events associated with the HL-LHC will result in de-
tector occupancies beyond the design parameters of the TRT. In addition,
by 2022 the Pixel and SCT subsystems will seriously degrade in perfor-
mance due to radiation damage to the sensors and front-end electronics
[106]. Therefore, the ATLAS Collaboration made the decision to replace
the entire Inner Detector with new, all-silicon Inner Trackers (ITk) consist-
ing of Pixel and Strip detectors. Basic components as well as the baseline
design of the ITk detector are described in the Letter of Intent [102]. The
ITk must satisfy the following design criteria: higher granularity and an
increased radiation hardness of readout electronics. The upgraded Inner
Detector is being designed to provide not only 13 clusters per charged par-
ticle in the central barrel region, but also uniform coverage in the forward
regions [106]. These designs would enable the ITk to precisely measure the
transverse momenta and directions of isolated, charged particles -in partic-
ular muons and electrons.
Currently, two candidate layouts for the ITk is under consideration: the
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”extended” and the ”inclined” layout, depending on the design of the Pixel
tracker [106]. Schematics of the two candidate layouts are shown in Fig-
ure 4.2. The main difference between these two layouts is the structural
design of the Pixel barrel. To determine the optimal tracer architecture, the
current stage of the ITk design phase is to study the performance of the two
candidate layouts. For both designs, the Pixel system has been updated to
cover a wider range in pseudorapidity up to |⌘|  4.0. The strongest moti-
vation for a tracker with an extended pseudorapidity coverage of |⌘|  4.0
is the ability to reject forward pileup jets by associating the signal jets to
the hard scattering vertex by making use of tracks. This can be achieved
since the tracks due to pileup jets generally originate from pileup vertices,
as opposed to the hard scatter primary vertex. Since VBS processes are char-
acterised by the presence of high-pT forward jets, excellent discrimination
between pileup jets and forward jets resulting from hard scattering events
would be particularly beneficial for the study of VBS scattering processes at
the HL-LHC. To investigate the prospects of a W±W±jj-EW measurement
at the HL-LHC the expected performance of the upgraded ATLAS detector
must be implemented in order to obtain a realistic verdict on the matter.
The performance assumptions will be described in the following section.
4.2.3 Simulating the upgraded ATLAS detector
The expected performance of the upgraded detector has been studied in de-
tail by making use of a full ATLAS detector simulation based on GEANT4
[107], as well as the properties of the detector sub-systems [108] [109]. Con-
sequently, parametrised estimates of the of the performance and efficien-
cies of the ATLAS sub-detectors at the HL-LHC have been established and
are provided for ATLAS analyses investigating physics processes at the
HL-LHC. These upgrade performance functions are applied to truth-level
quantities in order to modify the kinematics and take into account detector-
level effects. First versions of the performance functions (TruthToReco-
Functions) were used in studies during the European Strategy for Particle
Physics 2012 [110], as well as the European Committee for Future Accel-
erators 2013 [101] [111]. A new set of performance functions, smearing
functions and efficiency functions were used in 2015 for physics studies
outlined in the Scoping Document [10]. The current upgrade performance
functions include detector momentum and energy resolutions (for smear-
ing functions), object reconstruction efficiencies and trigger efficiencies for
various different physics objects. In addition, a dedicated pileup overlay
library is provided to add pileup jets to a hard scatter truth-event.
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Chapter 5
Upgrade of the Muon
Spectrometer
With the LHC scheduled to operate at a higher luminosity during Run III,
the ATLAS Muon System’s main upgrade project will involve the upgrade
of the forward muon triggers. In order for ATLAS to maintain the Run
I and Run II triggering capability of moderate momentum leptons under
these higher background conditions, the first end cap stations of the MS,
known as the Muon Small Wheels (SW), have been scheduled to be re-
placed [100]. The new replacement detectors will provide improved pre-
cision tracking at a high particle rate [11] and cover a large pseudorapidity
range of 1.3 < |⌘| < 2.7 [65]. In addition, the new Muon Small Wheels will
be integrated into the Level-1 trigger [112].
In the following sections the ATLAS New Small Wheel Project will be de-
scribed as well as the detector layout and technology, with a focus on the
small-strip Thin Gas Chamber (sTGC) technology. The reader is referred
to [65] and [100] for in-depth discussions on these topics, which were con-
sulted for the summaries in the following sections. Since the assembly pro-
cedure to build a fully integrated wedge has not yet been finalised, a pos-
sible proposal of the sTGC assembly procedure that has been developed
through discussions with many experts will be outlined. Particularly, a few
of the more complicated steps in the process, requiring great care, will be
highlighted. During sTGC wedge construction numerous resources will be
necessary including teams of specialists trained to perform various tasks,
specialised equipment and storage space for wedges in different stages of
development. Besides optimising resources to quickly and effectively build
sTGC wedges, various installation and testing methods must be finalised.
Lastly, the final section of this chapter briefly discusses the estimated stor-
age space requirements that will be necessary for crates of quadruplets, as
well as completed sTQC wedges.
The New Small Wheel (NSW) will play a vital role in collecting signal for
the W±W±jj-EW measurement during future runs of the LHC through
to the HL-LHC physics Program. Specifically, the NSW coupled with a
forward muon-tagger [10] will aid in significantly reducing additional lep-
tons originating from other SM background processes. Same sign W boson
scattering will be discussed in more detail in Chapter 6. Furthermore, the
prospects of a W±W±jj-EW measurement during the HL-LHC run with
the current proposed pseudorapidity range, as well as a scenario with an
extended pseudorapidity up to |⌘|  4.0 will be investigated in Chapter 7.
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FIGURE 5.1: Illustration of the ATLAS muon trigger. The
Big Wheel accepts all three of the shown tracks shown,
however the two fake tracks (B and C) can be rejected at
the NSW stage [65].
5.1 The New Small Wheel Project
For the ATLAS Muon trigger, the triggering rate is proportional to the in-
stantaneous luminosity. Therefore, due to the higher background condi-
tions associated with the expected increase of instantaneous luminosity dur-
ing Run III, the Level-1 muon trigger will be eight to nine times higher in
the barrel region. Currently, high fake rates dominate the forward muon
triggers due to the low energy particles, mostly protons, created in the ma-
terials between the Big and Small Wheels. These low energy particles may
consequently produce fake triggers by hitting the end cap chambers at sim-
ilar angles as real high transverse muons. Therefore, with the increased
levels of cavern background noise the performance of the muon tracking
and spatial resolution will degrade significantly.
To address these issues, the NSW will comprise a set of precision track-
ing detectors that will be capable of identifying the origins of the triggered
muons. Additionally, it will be capable of performing bunch crossing iden-
tification at a rate of up to 15 kHz/cm2 and a spatial resolution of fewer than
100µm per detector plane. These requirements will be sufficient to provide
an adequate angular resolution in order to distinguish whether triggered
muons originated from the interaction point or elsewhere in the MS. Fig-
ure 5.1 illustrates the improved triggering capabilities of the Muon system
with the addition of the NSW. Generally, the ATLAS Big Wheel accepts all
three tracks in the illustration, however with the new enhancement of the
NSW only tracks that have been confirmed by both the Big Wheel and the
Small Wheel will be accepted. In Figure 5.1 only track ’A’ will be accepted,
while the fake tracks can be rejected. Track ’B’ will be rejected because there
is no matching track coming from the interaction point that also matches the
Big Wheel candidate. Similarly track ’C’ will be rejected since it does not
point directly to the interaction point [65].
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FIGURE 5.2: Left: The sixteen sectors of the NSW par-
tially overlaid with the SW. Right: Sandwich arrangement
of sTGC and MM detectors with the support structure [100].
5.1.1 Detector layout
The design of the NSW will follow the structure of the current Small Wheel
(Figure 5.2) and will implement two complementary technologies; sTGCs
and Micromegas (MM). There will be two NSWs, located on the A-side and
C-side of the NSW geometry which corresponds to the +x and  x sides
in the ATLAS coordinate system. The NSW will consist of sixteen detec-
tor planes arranged in two multilayers. These multilayers are divided into
eight large sectors, while the gaps between these sectors will be filled with
eight small sectors that will allow for some overlap between the different
sectors. Each sector comprises four sTGC and four MM detector planes.
In addition, these detector planes implement a sandwich arrangement of
two sTGCs and two MM chambers and will be mounted directly on the
spacer frame to support the whole sector. Figure 5.2 shows an illustration
of the sandwich arrangement. Particularly, this arrangement of detectors
will maximise the distance between the main triggering planes, which will
consequently lead to the improved angular resolution of the online track
segment. The eight-fold symmetry design of the NSW will ensure a robust,
fully functional detector over the entire course of its lifetime. A specific
amount of eight detector planes will be sufficient to ensure track reconstruc-
tion with high precision and efficiency under a high background environ-
ment. Additionally, the large amount of detector planes ensure appropriate
detector performance even in the case where some planes fail to function as
expected.
The two detector technologies implemented by the NSW will each perform
a different task as their primary function. Specifically, sTGC technology
will function as the primary trigger due to their single bunch crossing ca-
pabilities, whereas MM chambers have excellent spatial resolution and will
serve as the primary precision trackers for the NSW. However, these de-
tectors will also complement one another by contributing to the primary
function of the converse detector. For instance, in the forward regions of
the MS the MM chambers will also serve as triggers in order to provide
redundancy and improved coverage in the forward regions. Likewise, the
Chapter 5. Upgrade of the Muon Spectrometer 41
FIGURE 5.3: Basic structure of MM technology [100].
sTGC chambers will aid in the precision track measurements of the offline
track segments. The following sections will briefly discuss the main con-
cepts of the MM and sTGC technologies, also described in [100] [113].
5.1.2 Micromegas technology
Micromegas technology (an abbreviation for "micro mesh gaseous struc-
ture") enabled the construction of thin, wireless gaseous particle detectors
[114]. The basic structure of a MM detector can be seen in Figure 5.3. MM
detectors comprise a planar drift cathode, a gas gap of typically a few mil-
limetres in thickness serving as a drift region and a thin, metallic wire mesh
that is usually located at 100   150µm from the readout electronics. This
final area is known as an amplification region. The electric field inside the
drift region is held constant at a few hundred V/cm, while the electric field
inside the amplification region is held at much higher values, typically be-
tween 40  50 kV/cm.
MM chambers utilise a similar method that is employed by other gaseous
particle detectors to detect charged particles traversing through the cham-
ber. Charged particles ionise the gas mixture as they traverse through the
drift region of the chamber, consequently creating electrons due to do ion-
isation process. These electrons drift toward the wire mesh until the am-
plification region is reached, where the electrons are accelerated due to the
greater electric field gradient within the amplification region. Accordingly,
an electron avalanche is produced inside the amplification region directly
above the readout strip. Generally, the drift velocity of electrons in the drift
region of the detector is usually slow and may take several tens of nanosec-
onds to reach the amplification region, whereas the amplification process
only takes a fraction of a nanosecond. As a result, the readout strip detects
a fast pulse of electrons. Ions produced in the avalanche process traverse
back toward the amplification wire mesh, in the opposite direction of elec-
trons. Since these ions are produced in the final stages of the avalanche
process, most of these ions are located close to the readout strips. Even
though the drift velocity of ions comparatively slow, it nevertheless only
takes 100 ns for these ions to reach the amplification wire mesh. In compar-
ison to other gaseous multiwire proportional chambers, this evacuation of
positive ions is still relatively fast which indicates that the MM technology
is well-suited to function in high particle flux environments.
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FIGURE 5.4: Left: Basic structure of a sTGC layer. Right:
The sTGC quadruplet structure [113].
5.1.3 sTGC technology
TGC technology [115] was first used for the OPAL Pole-Tip calorimeter
[116], as well as the ATLAS end cap muon trigger. Similar to their prede-
cessors, sTGC detectors are also gaseous multiwire proportional chambers.
Figure 5.4 shows the basic structure of a sTGC layer which consists of a grid
of 50µm gold plated tungsten wire held at a potential of 2.9 kV, coupled
with a pitch of 1.8mm that are sandwiched between two cathode planes.
Each cathode plane is at a distance of 1.4mm away from the wire plane
and are made of a graphite-epoxy mixture, with a typical surface resistiv-
ity of 100   200 k⌦/2. Located behind the cathode planes, perpendicular
to the wire plane are precision copper strips. Likewise, located behind the
other side of the cathode planes are copper pads covering large rectangu-
lar surfaces on a 1.6mm thick printed circuit board (PCB), with the ground
shielding on the opposite side. Both pads and strips serve as readout elec-
trodes.
The new precision strips have a pitch of 3.2mm which is much smaller
than the original TGC technology of 1 cm [117] (hence the new name "small-
strip"). A smaller pitch for the new precision strips will ensure an improved
angular resolution for online reconstructed segments. The cathode pads
have a larger pitch of 80mm, which utilised to identify the muon tracks
approximately pointing toward the interaction point by making use of a
3-out-of-4 coincidence. Additionally, these cathode pads are also used to
identify the regions of interest that will be read out by the pads and strips
for online event selection. Grouping the wires together aids in obtaining the
azimuthal coordinate of the muon tracks. A sTGC chamber is filled with a
gas mixture of 55% CO2 and 45% n-pentane. Each sTGC wedge consists of
three chambers or "quadruplets" –so called because each sTGC wedge, in
turn, comprises four gas-gaps, which makes each chamber a stack of four
detectors. The quadruplet structure of a sTGC chamber is illustrated in Fig-
ure 5.4.
The following sections will discuss the construction of sTGC chambers, fol-
lowed by the detailed descriptions of various necessary steps to assemble
quadruplets into a fully integrated sTGC wedge.
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5.2 sTGC wedge construction
To construct a complete sTGC wedge, three types of sTGC quadruplets are
required. In total, there are six types of sTGC quadruplets: three for the
large sectors and three for the small sectors. These sectors are further di-
vided into ”pivot" and ”confirm” layers, which refer to the roles the cham-
bers play in the muon trigger. If there is a hit in a ”pivot” layer, the trigger
searches for hits in the corresponding ”confirm” layer to make a decision
regarding the muon track. Quadruplets are numbered from 1 to 3 indicat-
ing the smallest to the largest quadruplets, respectively. Additionally, the
smallest quadruplets are located closest to the beam pipe, while conversely
the largest quadruplets are located farthest from the beam pipe. The nam-
ing convention for quadruplets therefore indicates the size of the quadru-
plet, its location relative to the beam pipe, whether it will be used for a
large or small sector and whether it forms part of a pivot or confirm wedge.
All of the quadruplets are trapezoidal in shape and have dimensions be-
tween 1m2 and 2m2. Production sites located at institutions from across
the world, namely Canada, Chile, China, Israel and Russia [100], will pro-
duce different types sTGC quadruplets as well as additional spare quadru-
plets. An illustration of the large and small sTGC sectors, together with the
corresponding production sites of the quadruplets can be seen in Figure 5.5.
The main challenge to overcome with the construction of sTGC chambers
and assembly of quadruplets is achieving a high precision alignment of
readout strips across all detector layers. The necessary alignment between
layers is 40µm and can be obtained by machining the readout strips to-
gether with brass inserts, which allows the layers to be externally refer-
enced with respect to precision pins that have been positioned on a flat
table. Individual sTGC layers are glued together, while an externally ma-
chined frame maintain some separation between the layers. A 100µm thin-
ner honeycomb is placed over the surface of the detector as a spacer, which
will allow the glue to serve as a filler in order to take into account any small
unevenness of the PCBs. The glueing process assumes that various sTGC
layers can be manipulated and placed in correct positions with respect to
each other with high accuracy. For this purpose, external brass inserts at-
tached to an external precision jig will be employed for the precise manipu-
lation of sTGC layers. This precision jig will be placed on a large, perfectly
horizontal marble table [65].
In the following sections several proposed procedures, which have been
developed through discussions with many ATLAS-sTGC experts, for the
assembly of a sTGC wedge will be outlined. The procedure for sTGC as-
sembly has not been finalised yet, however the current version of the pro-
cedure is explained in the sTGC Assembly and Testing Manual [118]. This
manual is an unofficial document which is constantly being updated with
more refined methods and ideas. The successful assembly of a sTGC wedge
will require various resources, including groups of specialists to perform
various tasks, specialised equipment and in most cases a lot of space.
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FIGURE 5.5: Left: Locations of pivot and confirm layers in
the NSW. Right: Large and small sTGC wedges with the
corresponding production sites [100].
5.2.1 Assembly procedure
Transport of quadruplets to CERN
Groups of four to five quadruplets, mounted in pallets, will be transported
to CERN in air-conditioned containers equipped with temperature sensors
to record the minimum and maximum temperatures inside the pallets. Each
pallet will be equipped with shock absorbing devices, shock sensors and a
barcode. A database will contain a list of the quadruplets associated with
the pallet’s barcode.
Checks upon arrival at CERN
Upon arrival at Building 180 at CERN, the containers will be unloaded and
each pallet will be registered in the database. For this purpose, a hand-
held device, which is capable of connecting to the network at a later time,
will be necessary for database logging. Simultaneously, the shock sensors
will be inspected and possible damage to the containers will be identified.
Detectors will be examined for any gas leaks that may have developed dur-
ing transit as well as any possible broken wires. Gas leaks will be tested by
making use of a CO2 line coming from a testing hut, while broken wires will
be checked by applying 1.5 kV with a portable High Voltage (HV) source.
Once all these checks have been completed, the pallets will be transported
to the Gamma Irradiation Facility (GIF++). The detectors should be flushed
in the preparation area with CO2 for 48 hours before they may be moved to
the radiation area. If the readout electronics are available, then the detec-
tors will be connected to the readout electronics as well as the HV, however
the HV will not be switched on yet at this stage. The procedure that will be
followed for the irradiation test is partly explained in [119]. Generally, the
detectors will be flushed with a gas mixture of n-pentane and CO2 for 48
hours. At the discretion of the facility, the source may or may not be turned
on during this first flushing. When the source has been turned off, a HV of
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2.9 kV will be applied to all the detectors while the ground current of each
detector will be measured and entered into the database. Finally, the source
will the be turned on again to provide 20 kHz of detected photons in each
plane. Since the chambers located in the back of the pallet will be shielded
by the chambers in the front, irradiating each detector plane properly might
be hard to achieve. None of the chambers should trip during the 1-2 hour
irradiation period, otherwise any chamber that trip will be rejected. After
the source has been switched off, the HV current of each detector will once
again be measured and recorded in the database. The measured current
should not exceed the initial ground current by 0.5µA. Once the process
has been completed, the detectors should be retrieved and exchanged for a
new pallet of detectors when GIF++ is next opened, usually once a week.
Frame assembly
Fibreglass frames will support each sTGC wedge, illustrated in Figure 5.6.
Although these frames are not precision elements, the quadruplets must be
precisely positioned when they are being glued to the frames. The position
of the frames’ "ears" will be the part that requires the most precision, since
these ears will be used to attach the wedge kinematic mounts enabling the
wedges to hang on the fully integrated NSW sector. These frames will be
made from machine profiles and will arrive at CERN in pieces, which will
be glued together. Frame pieces must be sorted in the case where they have
not been pre-sorted, after which the frames will then be stored on shelves
outside the clean room or, for the smaller pieces, on shelves inside the clean
room. The required 128 large, 128 small frames and the spare frames should
be built prior to the main wedge assembly schedule. It will not be neces-
sary to perform the frame assembly process in the clean room, however
the surfaces of the frames should still be cleaned before the glueing process
may begin. The pieces should be assembled on top of a template to ensure
that each piece has been positioned correctly. After the glue has been ap-
plied, the frames will be clamped or weighted and left to cure overnight.
The frames may rest on any clean, flat area while the glue cures, however
folding tables set up in the clean room might be preferable. Once the glue
has dried, the frames may be stored on horizontal shelves.
FIGURE 5.6: External frame that will support each wedge
[118].
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FIGURE 5.7: Schematic of the inserts used to align modules
against precision pins [65].
Integration of quadruplets into wedges
This procedure requires a flat (within 50µm), granite table of 4.2 ⇥ 2.4m2,
as well as six removable 10mm diameter precision position pins used to
match the inserts shown in Figure 5.7. The granite table will be equipped
with a Mylar jig containing channels for compressed air, in order to release
the quadruplets. Springs will pull the detectors against the precision pins to
align detectors on the jig relative to the precision pins. It is assumed that it
will be unnecessary to apply a vacuum underneath the detectors, since they
are sufficiently flat and heavy to create their own vacuum and adhere to the
table. Once the inserts have been checked to ensure that the alignment pins
are in electrical contact with the inserts, the glue may be applied on the out-
side fibreglass frame and lowered onto the three quadruplets. Weights will
then be placed on top of the frames and the system will be left overnight
which would be a sufficient amount of time for the glue to cure.
After the glue has cured, the wedge must be lifted and turned by 180 . This
delicate operation will make use of a rotating frame, shown in Figure 5.8,
with additional support bars in order to prevent deformation of the wedge.
Tests performed with this lifting frame has demonstrated that this tech-
nique is capable of absorbing significant unevenness and non-parallelism
between quadruplets. First, the alignment pins will be removed, while
three vacuum chucks with flat, parallel faces and approximately 10 cm in
thickness will be placed on the quadruplets. The surfaces of the chucks,
equipped with silicon-rubber vacuum channels, will rest directly on the
quadruplets and must be the correct size to cover most of the surfaces of
the quadruplets inside the frames. Four tensioning rods will be used to
attach the three chucks to the steel lifting frame. Additionally, wheels are
located on one long side of the frame, corresponding to the frame’s Bessel
points, while the frame can be attached to the crane at the Bessel points lo-
cated on the opposing side. Next, the crane will lift the frame slightly off the
table and safety clamps will be attached to hold the quadruplets securely to
the vacuum chucks. The crane will then continue to lift the assembly, very
carefully, while simultaneously the wheels must be pushed forward toward
the centre of the table. The wedge will then be allowed to stand vertically.
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FIGURE 5.8: Schematic of the lifting tool [118].
At this point, modifications to the Mylar jig must be made for the chan-
nels to correspond to the smaller vacuum chucks, rather than the entire
area of the quadruplets. Once the modifications to the Mylar jig has been
completed, the crane will gently lower the wedge, while the wheels will
continue to roll across the table. When the chucks are just slightly above
the table, the safety clamps will then be removed and the positions of the
chucks will be aligned to correspond to the Mylar jig. Finally, the crane
will then lower the wedge onto the table to rest on the chucks that will be
resting on top of the table. To avoid torque on the frame, both sides of the
chucks must be perfectly flat and parallel. Precision pins will be screwed
back into position and compressed air will float the wedge back into the
correct position. Furthermore, the ears of the frame will be screwed and
pegged to spherical mount holders, which will be slipped over the preci-
sion pegs. The ears will be glued to the frame in these positions, ensuring
the precise positions of the ears with respect to the quadruplets.
After the wedge has been rotated, an alignment platform jig will be placed
against the precision alignment features of each quadruplet, which will be
used to install alignment and B-field sensor platforms. Photogrammetry
targets, used to ascertain the relative positions of quadruplets within the
wedge, will be installed by making use of the same alignment platform jig.
The glue will be left to cure overnight and the following day the alignment
team will return to perform photogrammetry measurements.
Once the alignment team completed the photogrammetry measurements,
the previously mentioned procedure will be followed to glue the second
fibreglass frame onto the quadruplets. Similarly, this frame’s ears will also
be attached to the spherical mount holders and glued to the frame, which
will ensure that the frame cures in the correct position. Since the downward
pressure of the weights might deform the unsupported areas of the quadru-
plets, it might be necessary to place a soft, springy support underneath the
relevant areas. The assembly will once again be left overnight to cure.
After the glue has cured, the wedge must be lifted off the table while the
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FIGURE 5.9: Tripod cart used to wheel the wedge to differ-
ent locations [118].
vacuum chucks and lifting tool are released. The wedge may then be low-
ered to the ground in order to rest on its wheels. This step is an incredi-
bly delicate operation and will require space, people and great care to suc-
cessfully perform this complicated manoeuvre. First, the spherical mount
holders will be removed and replaced with temporary mount holders, since
these holders will be used to attach wheels and lifting shackles. Next, the
lifting tool will be reattached to the vacuum chucks with the four tension-
ing rods, in order to follow the previous procedure and rotate the assembly
into a vertical position. The crane will first lift the wedge off the table, then
carefully lower the wedge until the wheels of the lifting frame touch the
floor. However, blocks must be placed underneath the wedge’s wheels to
provide additional support, since these wheels will not be on the ground
yet. The wedge’s hoist shackles will then be attached to two hooks hang-
ing from a support, taking care to ensure a minimal amount of slack in the
lines. With the assembly hanging securely from the support the frame will
be released from the wedge. Just in the same way, the safety clamps will
first be removed followed by the release of the vacuum chucks, where par-
ticular care must be taken to hold the wedge steady. To allow the wedge’s
wheels to bear the full weight of the wedge, hooks will be attached to the
lifting shackles and the wedge wheels. At this point, the crane will remove
the lifting frame and vacuum chucks. Finally, crane hooks will be attached
to the lifting shackles and the crane will first lift the wedge off the blocks in
order to then lower the wedge to the ground, where it will stand on its own
wheels. A tripod "cart", shown in Figure 5.9, will be necessary to support
the wedge.
The wedge can then be prepared for connections to gas distribution and
HV lines. For this purpose, u-shaped connections must be made at the in-
tersections of the different quadruplets, specifically between the four layers
of gas lines. A special rotating device, Figure 5.10, will be used for the in-
stallation of on-detector electronics as well as the in situ assembly of Fara-
day cages over the adaptor boards. In order to mount the wedge onto this
rotating frame, support points must be attached to each end together with
aluminium profiles on each side. The crane will lift the support point very
Chapter 5. Upgrade of the Muon Spectrometer 49
slightly to raise the wedge onto the "weight lifting" stands, which allow the
wedge to rotate about its central axis.
The assembly of the Faraday cages could proof to be a complex operation,
since the cage for the large wedge consists of 50 individual pieces to be
assembled at different stages. Furthermore, a final protection shield for the
Faraday cages will only be mounted after the completion of long-term tests,
due to the inaccessibility of electronics once the cages have been completely
closed. Lastly, the slots for the front-end boards (FEBs) should be closed
with duct tape to prevent humidity during the long-term test period and to
ensure realistic currents.
FIGURE 5.10: Device used for rotation of the wedge to in-
stall remaining services without deformations [118].
Long-term HV testing
To move the wedge to the test room for long-term testing, the wheels will be
reattached and the wedge will be removed from the rotating frame with the
crane. The tripod "cart" will be attached again to support the wedge while
it is being wheeled into the test room. Once the wedge has been wheeled
to the correct position inside the test room, the tripod may be removed and
the wedge should either be secured to a fixed tripod, in the case where it is
the first wedge, or to a neighbouring wedge. Gas and HV lines will then be
connected and the wedge will be flushed first with CO2 for 48 hours, before
receiving normal operating gas. After 24 hours the HV may be turned on
in order to begin recording the currents in the database. Wedges will be
operated for approximately three months under high voltage with normal
operating gas and the current will be logged periodically during this time.
There should be no more than one HV trip, otherwise the relevant wedge
should be investigated. After three months of testing, the operating gas
will be switch off and the wedge will once again be flushed with CO2 for
48 hours. The HV and gas lines will be disconnected and protective paper
tape will cover the gas inlets and outlets to prevent dust from entering. The
wedge will then be attached to its tripod cart and wheeled out of the test
room to a safe storage area, until the installation of the final on-detector
electronics.
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FIGURE 5.11: A fully integrated device with all its services
installed [65].
Completion of a sector wedge
The on-detector electronics, when available, will be installed together with
various other remaining services including cooling and alignment sensors.
Consequently, the wedges will be placed in the rotating frames and, since
this operation should not take place inside the clean room, a small crane
or a lifting-jack will be necessary to raise the wedges onto the frames. Due
to this delicate operation, manipulations of wedges should be minimised
by optimising installation and testing procedures. Therefore, the remain-
ing services will be installed in an enclosed area inside Building 180, where
multiple installation stations will be set up. Ideally, these multiple installa-
tion stations will keep the wedge stationary while various specialised teams
rotate through the sequence of installation activities. In addition, the instal-
lation of services for wedges from large sections will require scaffolding to
reach the upper sides of the wedges.
Besides connecting the FEBs to the adaptor boards, thermal foam will also
be stuck on all the FEBs that output significant heat. Furthermore, copper
cooling pipes must be fitted and welded to the protection boxes that will
eventually slide over the FEBs. This delicate operation will require a large
amount of space, since the pipe will run the full length of the wedge and
back, while bent into a complicated shape before it can be welded to the
protection shield boxes completing the Faraday cages. A very talented pipe
fitter and welder would have to perform this task. Once this procedure has
been completed successfully, the protection boxes will be eased into posi-
tion over the FEBs. At this point, the Faraday cages may be sealed prop-
erly, while readout and HV cables will be connected and routed through
the services channels on both sides of the wedge. The final step is for the
alignment team to mount alignment fibres, temperature sensors and B-field
sensors on the surface of a fully integrated wedge. However, care must be
taken to avoid violating the grounding strategy of the electronics. A fully
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integrated wedge, seen in Figure 5.11, after the installation of the final ser-
vices may then be stored in a large, sheltered area in Building 180 until
required.
5.2.2 Storage requirements
Storage space will be necessary for crates of quadruplets as they arrive from
production sites located all over the world. Due to different shipping du-
rations, some types of quadruplets may arrive at CERN much sooner than
other quadruplets. However, all three types of quadruplets are necessary
to construct a sTGC wedge, which will result in considerable pile-up of
quadruplet crates. Current shipping schedules and approximated arrival
dates may be used to calculate an estimate of the amount of necessary stor-
age space for quadruplet crates. Quadruplets produced in Canada, Chile
and China will be transported to CERN by ship, whereas quadruplets pro-
duced in Israel and Russia would be shipped overland. It has been assumed
that road shipments would be smaller, but more frequent. Current esti-
mated shipping and arrival dates are subject to change and have not been
finalised yet. The sizes of the crates for different quadruplets were approx-
imated by using the measurements of the QS3 crate, designed in Canada,
and scaling them with respect to the design specifications for each of the
different types of quadruplets, described in [65]. The footprint of the QS3
crate is approximately 2m2 and will to transport up to five quadruplets, as
shown in Figure 5.12.
A diagram was then created that illustrates the various crates of different
quadruplets that would be in storage for a given month. Correspondingly,
this diagram does not include crates that have been moved to the clean
room, hence it is evident that more space becomes gradually available as
crates are moved out of storage and into the clean room. Additionally, com-
pleted wedges will also require storage space after they had been in the test
room for approximately three months. The amount of space necessary for
completed wedges was calculated by assuming that the wedges have been
appropriately sheltered with large concrete blocks to prevent any damage.
Figure 5.13 shows an example of the potential pile-up of quadruplet crates
that may occur. Although shipments of QS3P and QS1P have already ar-
rived at CERN from Chile, Canada and Israel, these crates must be placed
in storage until the QS2P crates have arrived at CERN. In addition, upon
arrival the QS2P crates must first be transported to GIF++, which would
further delay the construction process. The entire storage evolution dia-
gram may be viewed in Appendix A.
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FIGURE 5.12: A QS3 crate, designed in Canada to transport
up to five quadruplets [120].
FIGURE 5.13: Potential pile-up of quadruplet crates. Ship-
ments of the QS1P and QS3P quadruplet types have already
arrived at CERN, however construction can only begin once
the shipment of QS2P has arrived. The total approximated




Same sign W±W± production
An incredibly rare process, same sign W boson scattering occurs at hadron
colliders like the LHC, as an interaction of W bosons radiated off incoming
proton beams. These W bosons subsequently decay, however only events
are where the W bosons decay to electrons and muons, i.e W± ! l±⌫, l =
e, µ, are selected. This process therefore has a very distinctive experimental
signature of a lepton pair with the same electric charge and two high en-
ergy forward jets. Two analysis regions for the study of W±W±jj produc-
tion can be defined: an inclusive analysis region and a VBS analysis region
[6]. The inclusive analysis region includes a combination of both strong
and weak production mechanisms, used to measure the fiducial cross sec-
tion of W±W± production. In the VBS analysis region, events from strong
W±W±jj production are considered as background in order to study the
purely electroweak W±W±jj production process. The SM fiducial cross
section predictions at leading order for the inclusive analysis region and
VBS analysis region are 1.52± 0.11 fb and 0.95± 0.06 fb, respectively [6] [7].
Both ATLAS and CMS reported first evidence of the W±W±jj scattering
process, by making use of pp collision data at
p
s = 8TeV collected by
the ATLAS and CMS detectors in 2014. ATLAS measured cross sections
for both the inclusive analysis and VBS analysis regions [6] [7]. The cross
section for strong and electroweak W±W±jj production in the inclusive
analysis region was measured to be  fid = 2.1 ± 0.5 fb, while the cross
section for electroweak W±W±jj production, which includes interference
of strong production, was measured to be   = 1.3 ± 0.4 fb for the VBS
analysis region. Furthermore, the observed combined significance over the
background-only hypothesis was 4.5 and 3.6 standard deviations in the in-
clusive region and the VBS region, respectively. CMS measured the cross
section for electroweak W±W±jj production to be   = 4.0+2.4 2.0 fb at an ob-
served significance level of 2 standard deviations [8].
Recently, CMS observed electroweak production of same sign W boson
scattering in pp collisions at 13TeV. The observed significance is 5.5 stan-
dard deviations, where the SM predicts a significance of 5.7. In addition,
the measured fiducial cross section was found to be  fid = 3.83 ± 0.66 fb
[9]. Figures 6.1 and 6.2 present results from the 8TeV ATLAS analysis and
the recent CMS observation, respectively, showing an excess of data events
over the predicted background processes. The W±W±jj-EW cross section
is one of the smallest cross sections measured by the ATLAS detector and
the first to reach the fb line [121].
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FIGURE 6.1: The di-jet invariant mass distribution for the
predicted background and signal events obtained by AT-
LAS. The hashed bars represent the systematic uncertain-
ties in the total prediction, while the lower plot shows the
ratio of the total prediction to background only and the un-
certainty [7].
FIGURE 6.2: The di-jet invariant mass distribution for pre-
dicted background and signal events obtained by CMS. The
hashed bars represent the systematic and statistical uncer-
tainties [9].
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Further studies of this rare process with data at a centre of mass energy ofp
s = 13TeV will increase our understanding of VBS scattering processes
as well as electroweak processes. By making use of data from pp collisions
at a higher centre of mass energy than the previous study an excess of data
events over the expected background processes at a significance level of 5
standard deviations could be observed, which would provide corrobora-
tive evidence for same sign W boson scattering. The ATLAS W±W±jj-EW
analysis at 13TeV is still underway at the time of the writing of this thesis.
This chapter introduces the experimental signature and topology of W±W±
scattering, as well as the various SM processes that could mimic the W±W±
signature. In addition, sections in this chapter discuss the object and event
selections, signal and background estimations using MC simulations or
data-driven methods and the systematic uncertainties associated with these
methods. Furthermore, various di-lepton control regions used to test the
modelling of background estimations will be summarised, with a focus on
the b-tagged control region. Current studies of this control region are ongo-
ing.
6.1 Experimental signature
The final state of the W±W± scattering process under investigation consists
of two leptons of the same electric charge, two neutrinos and two forward
jets. For this reason, the W±W±jj process has an unique experimental
signature characterised by the presence of two, high energy forward jets in
opposite hemispheres with large invariant mass, as well as the presence of a
same electric charge lepton pair. When combined, these two signatures can
reduce most SM background processes. Similarly, events arising from VBS
processes exhibit a set of very distinct kinematic properties, which can be
used to define selection criteria for the signal regions. Due to the emission
of a vector boson from each incoming quark line, the resulting quarks tend
to be at high absolute values of rapidity with large momenta. The two jets
in these processes usually tend to be well-separated in rapidity with large
invariant mass. Figure 6.3 illustrates the typical event topology for vector
boson scattering processes.
6.2 Background processes
Despite the unique experimental signature of W±W±jj production, some
SM processes or detector effects can still mimic the signature of ll0+EmissT +
2 jets and must be excluded or reduced as background processes. These
background processes can be categorised into three main groups according
to the origin of the leptons, which will be discussed in the following sec-
tions, also described in detail in [6] [7] [43] which were the main sources of
reference.
6.2.1 Prompt processes
Processes in which the final states produce two jets, two leptons of the same
electric charge and missing transverse energy are called prompt processes.
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FIGURE 6.3: Event topology for W±W±jj: two forward
tagging jets (labelled as 3 and 4) encompass the two lep-
tons of same electric charge (1 and 2), which are the visible
decay products of the scattered W bosons [121].
The dominant prompt lepton background is due to the WZ/ ⇤ ! l±l⌥l±⌫
process, which could pass signal selection criteria when one lepton is mis-
reconstructed or not identified while the remaining leptons have the same
charge. Approximately 90% of the total prompt background is due to the
WZ process [7]. Another process included in the prompt background is
ZZ ! l+l l0+l0 . These cases may pass signal selection cuts, when one
or more of the final leptons are mis-reconstructed leading to two leptons of
the same electric charge. Double parton scattering processes also contribute
toward the prompt background. For these processes, the experimental sig-
nature of the WZ/  produce may be produced from collisions between two
incoming pairs of partons, such as W± + jets interacting with Z + jets, as an
example. Prompt background processes are estimated by making use of
MC samples.
6.2.2 Backgrounds from photon conversion
This category of background processes include not only backgrounds due
to photon conversions, but also SM processes producing two opposite sign
leptons that are mis-reconstructed as same sign events due to charge mis-
identification (misID). The dominant mechanism contributing to the charge
mis-ID background is known as the ”trident” process, while the main pro-
cess that contribute toward backgrounds due to photon conversions is pro-
duction of the W± jj process.
A representative Feynman diagram of the trident process is shown in Fig-
ure 6.4. In this process, a prompt electron radiates an energetic photon
due to hard brehmsstralung which subsequently converts into an electron-
positron pair. On the other hand, charge mis-ID for combined muons have
been found to be negligible and is therefore not considered in the analysis.
Other processes that also contribute toward the charge mis-ID background
are W±  ! l±⌫ , Z ! e+e  and fully leptonic tt̄ ! l⌫l⌫bb̄ decays.
The production of the W± jj process can mimic the same sign selection cri-
teria when a photon is reconstructed as an electron. This can occur when the
photon converts in the detector into an electron-positron pair and one of the
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FIGURE 6.4: Representative Feynman diagram of the ”tri-
dent” process: if most of the energy from the original e  is
carried over to the e+, then is is very likely that the e+ will
be reconstructed [81].
two leptons is not reconstructed. The W±  process can be separated into
strong and an electroweak processes. Both these processes are estimated
from MC samples, while the charge mis-ID backgrounds are estimated by
making use of a data-driven technique.
6.2.3 Non-prompt processes
Processes producing one prompt lepton from a W boson decay and one lep-
ton originating from hadronic decays, or jets mis-reconstructed as leptons
are known as the non-prompt background. The non-prompt category is
dominated by backgrounds due to jet faked leptons, which can occur from
the leptonic decays of hadrons within the jets. These leptons are consid-
ered a source of background, since they did not originate from the original
hard scattering event. The main contributing sources to this background
are W + jets! l±⌫+ jets, tt̄ ! l+⌫bjjb̄, single top production and QCD
multijet processes. Events due to these processes may be mistaken for the
W±W±jj signal if one of the associated jets are reconstructed as a lepton
or if a lepton from a hadronic decay within a jet passes the signal selec-
tion criteria. Since jet faked leptons are usually not well-isolated and of-
ten emerge as b-quark decays, strict isolation requirements of leptons can
suppress this background. MC simulations can not accurately model non-
prompt processes, therefore this background is estimated by making use of
a data-driven fake factor method [6].
6.3 Object and event selection
Various analysis selection criteria are applied to minimise the total con-
tributions from background processes, as well as to increase the signal to
background ratio. The next section will first describe the selection criteria
for physics objects, followed by the definition of the two fiducial regions
studied in this analysis at particle level, which have also been summarised
in Table 6.5. Selection criteria for the signal region is similar to the criteria
used by the 8TeV analysis, described in [6] [7].
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TABLE 6.1: Nominal muon definition.
Description Selection value
Quality medium
Kinematic acceptance pT > 25GeV
Geometric acceptance |⌘| < 2.5







Single electron and muon triggers with low transverse momentum accep-
tance thresholds are used in this analysis. For each event, at least one nom-
inal electron or muon is required to be matched to a trigger object with a
pT greater than the trigger object’s threshold by at least 1GeV. The trig-
ger efficiency in MC is corrected by scale factors provided by the combined
performance groups of the ATLAS Collaboration.
Lepton isolation
Leptons are required to be isolated in order to reduce the amount of leptons
originating from hadronic decays or jet-faked leptons. Several isolation
working points are used by ATLAS and either make use of simple fixed
cuts or targeted efficiencies at specific transverse momenta. The isolation
working point implemented by this analysis is the gradient definition,
which employs a calorimeter and track isolation efficiency, ✏, calculated by
✏ = (0.057⇥ pT + 95.57)%. (6.1)
The isolation is applied as a function of |⌘| and pT to obtain the targeted
efficiency. Furthermore the combined isolation has a targeted efficiency of
95% at 25GeV and 99% at 60GeV.
Muons
Muons are required to fulfil the quality requirements recommended by the
ATLAS Collaboration for medium muons. In addition, kinematic cuts are
applied to reduce muons originating from pileup events as well as multijet
backgrounds. Markedly, the inner detector track associated to the muon
is required to originate from the primary vertex. This requirement can be
achieved by requiring that each muon’s flight path intersects the beam axis
to within 0.5mm of the primary vertex. In addition, the distance to the clos-
est approach to the primary vertex in the transverse plane (d0) divided by
its resolution must be less than three. Furthermore, muons are required to
have a transverse momentum pT > 25GeV and fall within the geometrical
acceptance of |⌘| < 2.5. To reduce contributions from muons originating
from heavy flavour decays and other multijet process, muons are required
to pass an isolation cut. All quality requirements for muons are listed in
Table 6.1.
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TABLE 6.2: Loose muon definition.
Description Selection value
Quality medium
Kinematic acceptance pT > 25GeV
Geometric acceptance |⌘| < 2.5






TABLE 6.3: Nominal electron definition.
Description Selection value
Kinematic acceptance pT > 25GeV
Geometric acceptance |⌘| < 2.5, outside crack region 1.37  |⌘|  1.52
Identification criteria Tight






A looser transverse momentum requirement is required for muons is used
for the third-lepton veto requirement. The nominal selection criteria remain
the same, however veto muons must have pT > 10GeV. Furthermore, the
determination of the fake background implements a non-isolated definition
for muons. The requirements for loose muons are shown in Table 6.2.
Electrons
Besides the general reconstruction algorithm utilised for electrons, addi-
tional identification criteria are applied to further reject background, as
shown in Table 6.3. Electrons are required to have a transverse energy
ET > 25GeV, a geometrical acceptance within |⌘| < 2.47 as well as 1.37 
|⌘|  1.52 outside the calorimetric crack region. Similar to the muon case,
electrons are required to pass the selected isolation requirement.
Just in the same manner as the muons case, veto electrons have a looser
transverse momentum requirement pT > 10GeV and must be identified
as a Medium electron for the use of the third-lepton veto. Similarly, a non-
isolated definition is also employed for the use of the fake background es-
timation. Selection requirements for loose electrons are listed in Table 6.4.
Jets
Jets are reconstructed by making use of the anti-kT algorithm with a resolu-
tion parameter of R = 0.4 and calibrated with the Jet Energy Scale. Selected
jets are required to have pT > 30GeV with |⌘| < 4.5. In addition, jets within
|⌘| < 2.4 that have pT < 50GeV are required to have a Jet Vertex Tagger
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TABLE 6.4: Loose electron definition.
Description Selection value
Kinematic acceptance pT > 25GeV
Geometric acceptance |⌘| < 2.5, outside crack region 1.37  |⌘|  1.52
Identification criteria Loose






of JVT > 0.64. The JVT is implemented to reject jets with large contribu-
tions originating from pileup, by giving a measure of the contribution of
tracks from a specific vertex to a jet [122]. Furthermore, b-jets are tagged
by using a tagger that identifies b-jets with an efficiency of 80%. Generally,
these b-tagging algorithms have several operating points chosen to provide
a specific b-tagging efficiency on an inclusive tt̄ sample. Correction factors
are applied to simulated events to account for the differences between data
and simulation of the b-tagging efficiency for b, c and light jets. These cor-
rection factors are determined from the final states of tt̄ events containing
two leptons [123]. All jets passing the above-mentioned criteria and fall
within |⌘| < 2.5 are considered with the b-tagging algorithm, while mis-tag
efficiency scale factors are also applied to these jets.
6.3.1 Definition of the signal region
Events were selected during stable beam conditions while the relevant de-
tector systems were fully functional. Candidate W±W±jj events require
exactly two prompt leptons of the same electric charge. In addition, ⌧
leptons or leptons originating from ⌧ decays are not considered. Three
different final states or "channels" are investigated depending on lepton
flavour: e±e±, µ±µ± and e±µ±. Both leptons are required to have a trans-
verse momentum of pT > 27GeV to within |⌘| < 2.5 and an invariant mass
mll > 20GeV. Furthermore, the two leptons are required to have an angu-
lar separation of  Rll ⌘
p
(  )2 + ( ⌘)2 > 0.3. Due to the non-negligible
charge flip rate that occurs for electrons originating from the Z/ ⇤ process,
the di-electron invariant mass must not be within 15GeV of the Z boson
mass. This requirement reduces contributions from the Z + jets background,
which arises from electron charge mis-identification. Events containing ei-
ther additional leptons reconstructed with the loose isolation requirements,
loose quality definition for electrons or containing pT > 7 and 6GeV for
electrons and muons, respectively, are also excluded. This veto ensures the
suppression of backgrounds from processes with more than two leptons in
the final state, namely WZ/ ⇤ + jets, ZZ + jets or events where a photon
radiated by a muon is mis-reconstructed as an electron.
At least two jets satisfying the nominal objects selection criteria are re-
quired. Additionally, these two jets are required to have transverse mo-
mentum pT > 30GeV, |⌘| < 4.5 and separated from leptons by  Rlj > 0.3.
In order to reject non-prompt leptons, mainly originating from tt̄ ! l⌫jjbb̄,
events are vetoed if at least one jet has been identified as a b-jet. Tagging
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TABLE 6.5: Selection criteria for signal regions.
Signal region Selection criteria
Lepton Two tight leptons of the same electric charge with pT > 25GeV
Jet At least two jets with pT > 30GeV and |⌘| < 4.5




Z veto |mll  mZ | > 10GeV
b-jet veto Identified b-jets with pT > 30GeV and |⌘| < 2.5 are excluded
mjj mjj > 500GeV
VBS  yjj | yij | > 2.4
jets are defined as the two selected jets with the highest transverse momen-
tum. These jets are required to have an invariant mass (mjj) greater than
500GeV, which further reduces contributions from tt̄ and WZ/ ⇤ + jets pro-
cesses.
The magnitude of the missing transverse energy, calculated from all the
neutrinos in the final state, must be greater than 30GeV. This EmissT require-
ment also reduces backgrounds due to charge mis-identification. To re-
duce the dependence on QED radiation, contributions from photons within
 R = 0.1 of the lepton direction has been included in the lepton momenta
[6].
The above mentioned event selections define the inclusive analysis region
used to calculate the fiducial cross section of W±W±jj production. To ex-
tract the W±W±jj-EW component of the cross section, the two tagging jets
are required to be well separated in rapidity  yjj = |yj1   yj2| > 2.4. This
W±W±jj-EW region is known as the VBS region.
6.4 Signal and background estimation
In order to make a meaningful measurement of the W±W±jj process, es-
timates of the number of events produced by each of the various SM pro-
cesses that pass the selection criteria and filter into the signal regions are
essential. Depending on the specific type of process, these estimates are cal-
culated by making use of either MC simulations or data-driven techniques.
Events for MC samples are generated in a two-step process. First the hard
scattering of constituents within the proton are generated, followed by the
hadronisation of outgoing quarks and gluons. After the events have been
generated, the interactions of the particles with the detector are simulated
making use of a full detector simulation [124] framework based on GEANT4.
Additional inelastic pp events, modelled by Pythia 6.428, are included in the
simulation. The generated events are re-weighted to reproduce the average
number of collisions per bunch crossing observed in the data. An additional
pileup contribution arises from the sensitivity of sub-detector systems to in-
teractions in the preceding bunch crossings. This effect is also modelled in
the simulation.
The generated events are then reconstructed from the simulated detector
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signals using the standard ATLAS reconstruction algorithms, also imple-
mented for data. After the reconstruction of events, several correction fac-
tors are applied in order to take into account the differences with respect to
data. Correction factors including lepton and jet efficiencies, additional pp
interaction multiplicities and beam spot location, b-tagging efficiency and
mis-tag rate for jets are applied to the simulation. In addition, the simula-
tions are tuned to take into account for calorimeter response, as well as the
muon momentum scale and resolution.
Signal and background estimations will be described in more detail in the
following sections, and is discussed at length in [6]. The method imple-
mented to estimate the predicted W±W± cross sections for the 13TeV anal-
ysis has not yet been finalised during the writing of this thesis, however it
is likely that a similar method utilised by the 8Tev analysis will be decided
upon. For this reason, the method used by the 8TeV analysis will be de-
scribed below. Various sources of systematic uncertainties associated with
the background estimations will be discussed in Section 6.5.
6.4.1 Signal estimation
The electroweak and strong production processes of W±W±jj are simu-
lated separately by making use of the Sherpa event generator, normalised
to next to leading order cross sections that have been calculated in the two
fiducial regions [6]. The cross sections for these two regions, the ”fiducial
cross section”, are calculated using Powhegbox with CT10 parton distribu-
tion functions (PDFs) [125] interfaced with Pythia 8 for parton showering,
hadronisation and underlying event modelling. The acceptance, which is
defined as the fraction of generated events that pass the fiducial signal re-
gion selections, of Sherpa samples is used to convert the fiducial cross sec-
tions into cross sections corresponding to the phase space where the events
were generated [81]. The samples can then be normalised to the correct lu-
minosity.
The predicted fiducial cross sections for the electroweak W±W±jj process
are 1.00±0.06 fb and 0.88±0.05 fb in the inclusive and VBS regions, respec-
tively. Predictions of the corresponding cross sections for the strong process
are 0.35 ± 0.05 fb and 0.098 ± 0.018 fb. Due to the absence of a NLO calcu-
lation for the combined W±W±jj process, which includes both strong and
weak production mechanisms, the effect of the interference between the
two processes are calculated at leading order using Sherpa. The effect of
the interference is studied by comparing the cross section of the combined
process to the sum of the two cross sections for the electroweak and strong
W±W±jj processes.
In the 8TeV analysis, it was found that the interference between electroweak
and strong production increase the total combined cross section by (12 ±
6)% in the inclusive region and (7 ± 4)% in the VBS region [7]. The total SM
prediction for the signal cross section in the inclusive region is 1.52±0.11 fb
and 0.95 ± 0.06 fb in the VBS region which includes electroweak and inter-
ference contributions.
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FIGURE 6.5: Representative Feynman diagrams of the tZj
process, which produces WZ + jets in the final state due to
the top quark decay [81].
6.4.2 Prompt background simulation
The prompt lepton backgrounds are estimated from MC simulations. As
mentioned before, the W±Zjj process accounts for 90% of the total prompt
background [81]. These samples are simulated with Sherpa, taking into
account both the strong and electroweak production mechanisms, and nor-
malised to the NLO calculation in QCD from VBFNLO in each of the fidu-
cial regions. However, the normalisation of the electroweak contribution of
the W±Z process has an additional complication. This cross section has a
contribution from the associated production of a top quark with a Z boson
and an additional parton, leading to the production of a W boson in the
subsequent top decay. This contribution is taken into account in Sherpa,
whereas the VBFNLO calculation neglects it due to the requirement of a
b quark in the initial state. Figure 6.5 shows this class of diagrams that ac-
counts for a third of the total events in the fiducial regions. The contribution
from the tZj process is therefore taken into account with the Sherpa predic-
tion.
Prompt leptons from the ZZ + jets process are modelled with Sherpa, while
samples for the tt̄+V , where V = W,Z, processes are simulated with Mad-
graph and showered with Pythia. Separate samples are generated for dif-
ferent numbers of jets present in each sample. Several tt̄ samples are used
for various consistency checks as well as prompt subtraction in the data-
driven background estimation and was generated by Powheg. In addition,
single-top production in the s-channel and Wt channel is also produced by
this generator. Sherpa also generates the Z + jets and W + jets samples used
in this analysis.
For all diboson samples simulated with Sherpa, the CT10 PDF set is used.
In addition, the decay of ⌧ -leptons is treated with Sherpa’s parton shower
algorithm, while b and c-quarks are explicitly treated as massive.
6.4.3 Charge mis-ID estimation
The dominant process contributing to the charge mis-identification back-
ground is where one prompt electron radiates due to hard brehmsstralung
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leading to the photon converting into an electron-positron pair in the de-
tector. This background is estimated by using a data-driven method. The
electron charge misidentification rate is measured by making use of a data
sample enriched with Z ! e+e  events. Conversely, the muon charge mis-
identification rate has been found to be negligible. The estimated back-
ground is determined by applying the electron charge misidentification rate
to the selected data, while using all selection criteria. However, the lepton’s
charges are required to be of opposite electric charge rather than same elec-
tric charge. An additional energy correction must also be applied to the
reconstructed electron momentum, to take into account the loss of energy
due to brehmsstrahlung and the subsequent conversion. This energy cor-
rection is derived from simulation.
Included in the background due to photon conversions are the contribu-
tions from the W  process, which includes both electroweak and strong
production mechanisms. Whether these contributions will be included in
the 13TeV analysis remains to be decided. For the 8TeV analysis, both
contributions were estimated by making use of MC simulations: the strong
production was simulated using Alpgen [126], while the electroweak pro-
duction of W jj was estimated by using Sherpa. For both samples the
CTEQ6L1 PDF [127] set were used.
6.4.4 Non-prompt simulation and estimation
A fake factor data-driven method is used to estimate the non-prompt back-
ground. The fake factor method estimates a fake rate from the ratio of the
number of jets satisfying the loose lepton identification criteria in a jet en-
riched sample. This data sample require two jets in the final state, hence
”di-jet” sample, which is selected with one tagging jet passing nominal se-
lection criteria defined in Section 6.3 and one loose or tight lepton that are
back-to back in the azimuthal plane such that   (l, j) > 2.8. Definitions of
tight and loose leptons are found in Tables 6.1, 6.2, 6.3 and 6.4. In addition,
the transverse mass of the lepton and the missing transverse momentum is
required to be within MT (l, EmissT ) < 40GeV to reduce contributions from
the W + jets process. By requiring the leptons to be back-to-back with the
jet, it can be safely assumed that the lepton originated from a hadronic de-
cay or a jet [111].
The fake rate can be calculated, which is defined as the ratio of the num-
ber of events in which a tight lepton passes the tight selection criteria, to
the number of events in which the lepton passes the orthogonally defined





Once the fake factor has been measured as a function of loose lepton pT
and |⌘|, the contribution of the fake leptons in the signal region is esti-
mated by applying the fake factors to a ”tight + loose” sample. The ”tight
+ loose” sample is defined by the same selection criteria as the signal re-
gion, however one of the leptons are required to be a loose non-isolated
lepton. Since it is more likely for a fake lepton to fail the isolation or lepton
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quality requirements, it is very likely that the loose selected lepton is a mis-
reconstructed jet. Therefore, it is important to choose a set of loose lepton
criteria such that there are reasonable statistics in the tight + loose region.
The non-prompt estimations are calculated by scaling each event by flepton
according to the kinematic properties of the selected loose lepton as shown
below:
Nfake bkg = flepton ⇥NT ight+Loose. (6.3)
To avoid double-counting, contributions from prompt leptons in the di-jet
sample are subtracted from the MC estimations as well as data. Several
tt̄ samples are used for consistency checks and the prompt subtraction.
Powheg v2 is used to simulate these samples, as well as single top pro-
duction in the s-channel for Wt channel.
6.5 Systematic uncertainties
Background and signal estimations have several associated sources of sys-
tematic uncertainty. Estimations based on MC predictions can be cate-
gorised according to two main groups: uncertainties due to the theoretical
cross section which are used to normalise the MC and uncertainties on the
correction factors that are applied for reconstructed objects in MC to agree
more accurately with data. Estimations based on data-driven methods arise
from statistical uncertainties and method bias. The following sections de-
scribe various sources of systematic uncertainties associated with estima-
tions based on MC and data-driven methods. The reader is referred to [6]
for further discussions, which have been summarised below.
6.5.1 Uncertainties due to theoretical modelling
Three quarters of the total predicted events in the signal region consist of
the W±W±jj and W±Zjj processes. It is therefore necessary to have an ad-
equate understanding of the uncertainties on the cross sections of these pro-
cesses, in order to accurately compare MC predictions with data. Sources of
uncertainty include the uncertainty on the parton distribution function of
the proton, the dependence of the calculated cross section on the choice
of renormalisation and factorisation scales and the dependence of event
kinematics in the showering model. Another source of uncertainty is the
difference between cross sections calculated by Powhegbox and VBFNLO.
Dominant uncertainties for the electroweak production process are the par-
ton shower and generator uncertainties, while the dominant uncertainties
for the strong production process are scale variations.
6.5.2 Uncertainties due to object reconstruction
Systematic uncertainties on the estimated MC backgrounds are derived
from the correction factors, energy smearing, EmissT modeling [97] and the
b-tagging efficiency and mistag rate [87]. Other sources of uncertainties for
estimations based on MC are associated with the simulation of the inter-
action between particles produced in a proton-proton collision. The recon-
structed objects have uncertainty on their energy resolution scale, as well
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as an associated uncertainty with the efficiency of the selections for particle
identification [94] [92]. In addition, there is also uncertainty applied to MC
samples to cover the differences in efficiency between the trigger in data
and the trigger in MC simulations. Another source is the uncertainty in the
integrated luminosity, which affects the overall normalisation of both sig-
nal and background processes in MC samples. A list of various additional
sources of associated systematic uncertainties is given below:
• Jet energy scale and resolution.
• Jet vertex cut efficiency.
• Jet b-tag inefficiency.
• Electron energy scale and resolution.
• Muon momentum scale and resolution.
• Electron identification efficiency.
• Muon identification efficiency.
• Identification efficiency for leptons passing the veto selection.
• Single lepton trigger efficiencies.
• EmissT scale and resolution.
6.5.3 Uncertainties associated with data-driven methods
The total uncertainty associated with the estimation of non-prompt back-
grounds depends on the region as well as the channel. The dominant sys-
tematic uncertainty is due to prompt lepton contamination in the di-jet sam-
ple used to estimate the fake factor. Another source of uncertainty is the dif-
ference in flavour composition between jets in the tight + loose region and
jets in the di-jet sample. Other sources of uncertainty include variations in
the sample used to calculate flepton, the uncertainty from extrapolating the
fake factor into the signal region and statistical uncertainties in the number
of tight + loose events.
Dominant systematic uncertainties associated with the estimation of back-
grounds due to photon conversions include the possible method bias, as
well as the statistical uncertainty in the estimated charge mis-identification
rate which arises from limited statistics. Other sources of uncertainty in-
clude the uncertainty on the energy loss correction and potential double
counting of charge mis-ID in processes that can produce both opposite sign
lepton pairs and same sign lepton pairs without any charge mis-ID.
6.6 Control Regions
The modelling of MC background predictions must be validated in sev-
eral same electric charge di-lepton control regions. Control regions are re-
gions used to test MC predictions of background processes by specifically
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FIGURE 6.6: Selection criteria for signal regions as well as
various control regions that were defined by the 8TeV anal-
ysis [128]. The current 13TeV analysis implements similar
selection criteria.
selecting a region where a certain background process of interest is domi-
nant. The sections below briefly describe the definitions of four of the most
important control regions, while the selection criteria for each region are
graphically presented in Figure 6.6. Additional discussions can be found in
[6] [43], which were te main sources of reference.
6.6.1 Trilepton CR
Prompt backgrounds are tested in a trilepton control region, specifically
tests the description of jet kinematics for WZ and ZZ samples. The control
region is defined by requiring an additional lepton together with the two
same electric charge leptons, while the third lepton passes the veto-lepton
requirements. The final | yij | and mjj selection criteria are dropped in
order to gain more events.
6.6.2 Low Njet CR
The kinematics of leptons from WZ/ZZ samples, where one of the leptons
from the Z boson decay are not reconstructed, are tested in a low Njet con-
trol region. This control region is defined by requiring less than two jets
in an event. Consequently, the selection criteria making use of jet-based
quantities, such as | yij | and mjj , are not required. This control region is
also used to test data-driven predictions for fake and charge-misID back-
grounds in a region dominated by the W + jets and Drell-Yan processes.
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6.6.3 Low mjj CR
Final background predictions are tested in the low mjj control region where
the background composition is similar to the signal regions. The CR is de-
fined by inverting final di-jet invariant mass to rather be mjj < 500GeV
and dropping the final | yij | selection.
6.6.4 b-tagged CR
Non-prompt leptons originating from tt̄ ! l⌫jjbb̄, tt̄+W/Z and other non-
prompt backgrounds are tested in the b-tagged control region. The defining
process that produces events with at least one fake lepton is semi-leptonic
tt̄. Therefore, this region is defined by inverting the b-veto requirement
and selecting events containing at least one jet that has been identified
as a b-jet. By requiring a b-tagged jet in the event selection for this con-
trol region, events from non-prompt backgrounds originating from tt̄ pro-
cesses are specifically selected. The | yij | and mjj selection criteria are also
dropped. This control region is used to test the description of event kine-
matics for the charge misID background as well as the fake background,
where jets are mis-reconstructed as charged leptons. Current studies for
the current
p
s = 13TeV analysis will be discussed in the following section.
6.7 Current studies of the b-tagged CR
Studies of the b-tagged CR for the Run II W±W±jj-EW analysis are still
ongoing at the time of the writing of this thesis. Currently, the agreement
between data and MC in this region is extremely poor for the nominal back-
ground, which requires two tight leptons. The discrepancy is especially ev-
ident in the µµ channel where the low statistics are slightly problematic,
in addition to the lack of truth events originating from the tt̄ process. An-
other study investigating the truth origins of fake leptons in tt̄ processes
also observed a low fraction of tt̄ events in the µµ channel [129]. The no-
tably low fraction of tt̄ events in the µµ channel is demonstrated in the
transverse momentum distribution of the leading leptons in Figure 6.7. Fig-
ures 6.8 and 6.9 shows the number of jets and b-tagged jets in the b-tagged
CR. From these plots, it can be seen that the modelling of these variables
in µµ channel b-tagged CR is not very well-understood. It should be noted
that a b-tagger identifying b-jets with a 70% efficiency working point is im-
plemented, since it was shown in a previous study that this value is the
optimal working point to suppress the fake lepton background [130]. Gen-
erally, backgrounds from tt̄ processes are modelled with the data-driven
fake factor method, due to the MC modelling’s inability to adequately de-
scribe this process. The exact reason for the inadequate MC modelling of
the non-prompt background is investigated by this thesis.
To investigate this discrepancy between data and MC, the composition of
the fake background in the tight + loose sample of the b-tagged CR is ex-
amined. Besides the agreement between MC and data being slightly better
in the tight + loose region, the µµ channel also shows a definite improve-
ment. This is due to the increased contribution from the tt̄ process that is
now included in the CR. Correspondingly, the region is heavily dominated
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by the tt̄ process, as it should be. The increased number of events from
the tt̄ process is shown in Figures 6.10, 6.11 and 6.12. By selecting a tight
and a loose muon, the number of jets and b-tagged jets also increase, how-
ever the total number of events are still low. The selection criteria of the
loose leptons therefore play a crucial role in the estimation of the fake lep-
ton backgrounds. Since the only differences between a tight and a loose
muon is the isolation and transverse impact parameter requirements, these
variables are investigated to find any possible mis-modelling of the MC.
(a) ee (b) eµ
(c) µµ
FIGURE 6.7: Transverse momentum distributions of the
leading lepton in the b-tagged control region in the: (a) ee
channel, (b) eµ channel and (c) µµ channel.
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(a) ee (b) eµ
(c) µµ
FIGURE 6.8: Number of b-tagged jets in the b-tagged con-
trol region in the: (a) ee channel, (b) eµ channel and (c) µµ
channel.
(a) ee (b) eµ
(c) µµ
FIGURE 6.9: Number of jets for each channel in the b-tagged
control region in the: (a) ee channel, (b) eµ channel and (c)
µµ channel.
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(a) ee (b) eµ
(c) µµ
FIGURE 6.10: Transverse momentum distributions of the
leading lepton in the tight + loose sample of the b-tagged
control region in the: (a) ee channel, (b) eµ channel and (c)
µµ channel.
(a) ee (b) eµ
(c) µµ
FIGURE 6.11: Number of b-tagged jets in the tight + loose
sample of the b-tagged control region in the: (a) ee channel,
(b) eµ channel and (c) µµ channel.
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(a) ee (b) eµ
(c) µµ
FIGURE 6.12: Number of jets in the tight + loose sample
for the b-tagged control region in the: (a) ee channel, (b) eµ
channel and (c) µµ channel.
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To investigate the isolation and transverse impact parameter requirements
for the loose leptons a control selection is defined. This selection is referred
to as a "mod-tight" lepton. The selection criteria for a mod-tight lepton in-
cluded the selections for loose electrons or muons, however the isolation
requirement is not applied together with the loose muon requirement for
the transverse impact parameter. Generally, the data and MC with the tight
+ loose selection still agrees better than this selection where no isolation is
required, shown in Figures 6.13, 6.14 and 6.15. The amount of jets and b-
tagged jets are still low in the µµ channel in the b-tagged control region.
Since a pre-selection cut on the transverse impact parameter is already ap-
plied to the MC samples used in this analysis at the production step, differ-
ent MC samples without the selection cut will have to be studied in order to
investigate the loose transverse impact parameter variable. Creating new
samples at production level is beyond the scope of this thesis and only the
effect of varying the isolation requirement on the mod tight control selec-
tion was examined.
Varying the isolation requirement on the control mod tight selection sug-
gests that the gradient isolation requirement vetoes the majority of events
originating from the tt̄ process in the µµ channel. Upon further investiga-
tion it was determined that the majority of sub-leading leptons originating
from the tt̄ process do not, in fact, pass the gradient isolation requirement.
The leading and sub-leading leptons passing and failing the gradient isola-
tion working point can be seen in Figure 6.16.
To further study the leading and sub-leading leptons in the µµ channel, the
MC event record was investigated to determine the origins of the leading
and sub-leading leptons in the b-tagged control region, as well as the tight
+ loose region. The leading and sub-leading MC origins in the b-tagged
control region and the tight + loose sample of the b-tagged control region is
shown in Figures 6.17 and 6.18, respectively. In addition, the integer clas-
sification scheme for particle origins have been summarised in Table 6.6.
From the plots of the tight + loose region it can be seen that the largest
background contribution is due to the tt̄ and single top processes, in which
the leading leptons originate from W bosons and the sub-leading leptons
originate from B mesons. Furthermore, it can be seen in the plots of the
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b-tagged control region, in which two tight leptons are selected, that this
region is no longer dominated by leptons originating from the tt̄ and single
top processes, but rather the tt̄+V process. Therefore, the isolation require-
ment for leptons suppresses the large amount of leading and sub-leading
leptons originating from W bosons and B mesons from the tt̄ process. A
similar trend can be seen in all three channels, however the suppression is
the most severe in the µµ channel.
With the addition of the isolation requirement for leptons, the the discrep-
ancy between data and MC becomes even worse in the b-tagged control
region, especially since the MC is underestimated with respect to the data.
This observation suggests that even though the isolation requirement sup-
presses the MC non-prompt backgrounds quite well, this is not the case for
the data. Hence the poor agrrement between data and MC in the b-tagged
control region.
Further investigations of this region are still ongoing. It is crucial to con-
struct a well-understood region with the loose lepton selection criteria, since
these loose leptons will determine the purity of the data sample used to de-
termine the non-prompt background.
Chapter 6. Same sign W±W± production 75
(a) ee (b) eµ
(c) µµ
FIGURE 6.13: Transverse momentum distributions of the
leading lepton with the mod selection in the b-tagged con-
trol region in the: (a) ee channel, (b) eµ channel and (c) µµ
channel.
(a) ee (b) eµ
(c) µµ
FIGURE 6.14: Number of b-tagged jets with the mod selec-
tion in the b-tagged control region: (a) ee channel, (b) eµ
channel and (c) µµ channel.
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(a) ee (b) eµ
(c) µµ
FIGURE 6.15: Number of jets with the mod selection in the
b-tagged control region in the: (a) ee channel, (b) eµ channel
and (c) µµ channel..




FIGURE 6.16: Leading (left) and sub-leading (right) leptons
that pass or fail the gradient isolation requirement: (a) ee
channel, (b) eµ channel and (c) µµ channel.




FIGURE 6.17: Leading (left) and sub-leading (right) lepton
origins in the b-tagged control region in the: (a) ee channel,
(b) eµ channel and (c) µµ channel.




FIGURE 6.18: Leading (left) and sub-leading (right) lepton
origins of the tight + loose sample in the b-tagged control




W±W± scattering at the High
Luminosity LHC
Since it is unclear whether the unitarization of WW scattering amplitudes
is fully regulated by the SM Higgs boson and behaves according to the SM
prediction at high energies, the study of the W±W±jj-EW process is an
important task that will be extended to the High Luminosity LHC (HL-
LHC) physics program. Successfully extracting a W±W±jj-EW measure-
ment is dependent on the ratio of W±W±jj-EW and W±W±jj-QCD pro-
duction. In addition, the cross sections for these processes, in turn, depend
on the centre of mass energy of pp collisions. The expected ratio in a VBS-
like phase with Mqq > 500GeV has been shown to increase from ⇡ 1.2 atp
s = 8TeV to ⇡ 1.5 for a centre of mass energy of 14TeV [111] (Figure 7.1).
Therefore, the extraction of the W±W±jj-EW signal will be simplified, due
to the fact that the QCD only component of this process will be slightly
more diminished.
As mentioned before in previous chapters, the instantaneous luminosity
will increase during the operation of the HL-LHC. An increase of instanta-
neous luminosity will result in an increased pileup interactions per event,
which lead to the requirement of new techniques for object reconstruction
and particle identification. The increased amount of pileup interactions will
pose quite a challenge for the measurement of W±W± scattering process
with respect to the forward tagging jets, since VBS processes are charac-
terised by two, high-pT forward jets. Pileup jets refer specifically to jets
that originated from additional collisions within the same bunch crossing.
In order to eliminate pileup jets in the forward regions of the detector, the
prospect of extending the tracking detector to a large |⌘| of 4.0 have been
considered.
Finally, well-understood estimates of the contributions from other back-
grounds at increased centre of mass energies will also be necessary to de-
termine the potential of extracting the electroweak only contribution of
W±W± scattering at the HL-LHC. The differing dependencies of the cross
sections of various background processes may lead to different background
contributions at higher energies.
The prospects for a W±W±jj-EW measurement after the LHC and AT-
LAS detector upgrades, with a main focus on the extended ITk system, will
be investigated in this chapter. Previous studies have been carried out by
[131], [111] and [132]. This thesis makes use of the methodology employed
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FIGURE 7.1: Cross section for pp ! W±W±jj with respect
to centre of mass energy of pp collisions. An invariant mass
cut of Mqq > 500GeV has been applied. Left: Purely elec-
troweak production cross sections compared to the differ-
ence between inclusive and electroweak cross sections at
different pp centre of mass energies. Right: Ratio of the two
cross sections shown on the left [111].
by the study described in [132]. Firstly, the MC samples used for signal
and backgrounds will be discussed followed by the application of the up-
grade performance functions to the truth-level particles. Next, the object
and event selection criteria will be summarised. Finally, results will be pre-
sented and the effect of an extended Inner Detector tracking system will
be discussed. In addition, the effect of a forward muon-tagger will be in-
vestigated by raising the acceptance threshold for loose muons. Lastly, an
additional background sample was implemented into the analysis, since an
approximation estimated most of the other backgrounds.
7.1 W±W±jj-EW at 14TeV
7.1.1 Monte Carlo samples
Signal and background processes are modelled with MC generators at a
centre of mass energy of 14TeV with the number of events scaled to an
integrated luminosity of L = 3000 fb 1. The W±W±jj-EW and W±W±jj-
QCD production processes are simulated with Madgraph aMC@NLO in-
terfaced with Pythia 8 for parton showering, hadronisation and the under-
lying event modelling. The dominant background process, WZ + jets pro-
duction, is simulated using Sherpa v2.2.0, with NLO accuracy in ↵s for up
to one associated parton and LO accuracy for two or three partons in the fi-
nal state. Included in the WZ + jets background estimate is both the strong
and electroweak production mechanisms of this process. Additional pp pile
up interactions, with an average of 200 interactions per bunch crossing, are
generated with Pythia 8 and added event-by-event to simulated samples.
Other background processes that could mimic the final state of W±W±jj
are not simulated. Rather, the contributions from these processes are es-
timated by making use of the background contributions observed in the
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TABLE 7.1: Gaussian widths used to smear energy and mo-
menta of truth particles [109] [108].
Object Gaussian width
Muons  ID = pT
p



























with N = a(|⌘|) + b(|⌘|)µ
p
s = 8TeV W±W±jj analysis [7] [6]. The total background contribu-
tion is estimated by summing the final event yields from the W±W±jj-
QCD and WZ + jets processes and scaling the result to account for the non-
simulated background contributions. Scale factors were derived from the
relative background composition observed in the 8TeV analysis and calcu-
lated for individual channels. The calculated scale factors are 2.17, 1.17 and
1.75 for the ee, µµ and eµ/µe channels, respectively, while the scale factor
for the combined channels is 1.71 [132].
7.1.2 Application of upgrade performance functions
Detector effects are taken into account by making use of performance func-
tions that are parametrised by the response of the upgraded detectors, men-
tioned in Chapter 4. To modify the kinematics of different physics objects,
various efficiencies are applied by making use of random numbers gener-
ated from probability density functions provided by the performance func-
tions. Once the reconstruction and trigger efficiencies have been estimated
and the momenta have been smeared accordingly, object and event selec-
tion cuts are applied which will be discussed in Section 7.1.3.
Detector resolution
The performance functions take into account the energy and momentum
resolutions of the detector for the kinematics of jets, electrons and muons.
This is achieved by generating a random number from a Gaussian distribu-
tion with a mean of 1.0 and a width shown in Table 7.1. After the resulting
factor has been obtained, it is used to smear the energy and momentum of
the relevant particle.
For electrons, the performance functions utilise two dimensional maps which
use the electron’s transverse momentum and pseudorapidity as inputs to
obtain detector and reconstruction efficiencies to smear the energy and trans-
verse momenta of electrons. Results of these studies that has been imple-
mented in the performance functions can be seen in [10]. On the other hand,
the energy and transverse momenta of muons are smeared with the factor
obtained from a Gaussian with a width that combines the properties of the
ID ( ID) and the MS ( MS). The ID provides two parameters which are
Chapter 7. W±W± scattering at the High Luminosity LHC 83
TABLE 7.2: Reconstruction efficiencies for muons.
Pseudorapidity bin Reconstruction efficiency
0.1 0.54
2.5 < |⌘| < 2.7 0.97
4.0 0.95
given in 15 |⌘| regions, while the MS provides three parameters, given in
two |⌘| regions corresponding to the barrel and end cap regions.
Similarly, the energy and transverse momenta of jets are also smeared with
the use of a factor obtained from a Gaussian and a width which takes into
account ⌘-dependant noise, stochastic fluctuations and constant uncertain-
ties. Only the noise term is a function of the number of pileup interac-
tions, µ, which is generated from a Poissonian distribution with a mean of
hµi = 140 for each event.
Reconstruction efficiencies
After the detector performance has been taken into consideration, recon-
struction efficiencies are utilised to determine whether an object can be re-
constructed by the sub-systems. These reconstruction efficiencies are pro-
vided to estimate the fraction of particles that have been reconstructed and
identified as the correct type of physics object. Similar to the detector res-
olution estimation, a random number nreco is generated for each particle
from an uniform distribution, [0,1). In the case where nreco > ✏reco, it is
assumed that the particle has not been reconstructed and is removed from
the event.
Reconstruction efficiencies for muons and electrons have been studied un-
der different pileup conditions for two working points, tight and loose, re-
ferring to criteria with low and high purity [10]. The reconstruction effi-
ciencies corresponding to the tight working point for muons are shown in
Table 7.2. For electrons, a similar strategy to obtain the detector resolution
efficiencies are employed to obtain the reconstruction efficiencies. Further
information on the reconstruction efficiencies for electrons are also found
in [10].
The reconstruction efficiencies for jets is estimated by studying the effi-
ciency of the track confirmation algorithm with different values of µ and ex-
trapolating the performance according to different bins of pT and |⌘|. These
values were studied and reported in the Scoping Document [10].
Trigger efficiencies
To determine whether the selected leptons have activated the trigger which
would result in the event being recorded on disk, trigger efficiency esti-
mates are used for single electrons, muons and jets (Table 7.3). Similar to
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the determination of whether a lepton was correctly constructed, a ran-
dom number ntrigger is generated again for each particle candidate from
a uniform distribution, [0,1). This time, however, both nreco < ✏reco and
ntrigger < ✏trigger must be true in order for the event to pass the trigger re-
quirement. All preselected loose leptons are required to activate the trigger
in this analysis.
TABLE 7.3: Trigger efficiencies for single electrons and
muons.
Object Highest pseudorapidity bin Trigger efficiency
Electrons  2.5 0.95
 4.0 0.90
Muons < 1.05 0.69
1.05 < |⌘| < 2.4 0.96
Jets |⌘| < 3.2 0.95
7.1.3 Object and event selection
Muon transverse momentum and electron energy resolution are parametrised
as a function of ⌘. These quantities are used to smear the truth level quan-
tities of each object: transverse momentum for muons and energy for elec-
trons. The missing transverse energy, EmissT , at particle level is defined as
the transverse component of the vectorial sum of the final state neutrino
momenta. Lepton trigger and identification efficiencies are derived as a
function of ⌘ and pT . The efficiencies are then used to determine the like-
lihood that a lepton would pass the trigger or identification requirements.
Final state particles with a lifetime that is longer than 30 ps are clustered
into jets by making use of the anti-kt algorithm, with a radius parameter of
R = 0.4. Final state muons and neutrinos are not included in the truth jet
clustering. To avoid the double counting of jets associated with electrons,
an additional overlap requirement is applied. This requirement excludes
jets within a cone of  Re,j < 0.2 from an electron. Momenta of truth jets
are smeared as a function of ⌘ and pT . The smearing functions, however,
are not applied to pileup jets, since pileup events are passed through a full
ATLAS detector simulation based on GEANT4.
Events are selected based on the experimental signature of the W±W±jj
scattering process. Events preselected by either a single-muon or single-
electron trigger require transverse momentum of 25GeV for leptons to be
selected for the analysis. Additionally, muons and electrons with trans-
verse momenta pT > 6 and 7GeV are also preselected and are defined as
loose leptons. Several forward tracking scenarios are considered. In the
case where no forward tracking is available, the leptons are restricted to
|⌘|  2.7, while in the case where forward tracking is available a scenario
is considered where only electron reconstruction is available to |⌘|  4.0.
Recall that the nominal |⌘|-coverage of the MS is only out to |⌘|  2.7. The
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TABLE 7.4: Jet track confirmation and lepton pseudorapid-
ity ranges for four scenarios evaluating the effect of an ex-
tended tracking system on the W±W±jj measurement.
Category Track confirmation Lepton ⌘
range range
No forward tracking |⌘jet|  2.5 |⌘e,µ|  2.7
Forward tracking with jets only |⌘jet|  3.8 |⌘e,µ|  2.7
Forward tracking with jets and electrons |⌘jet|  2.5 |⌘e|  4.0, |⌘µ|  2.7
Forward tracking with jets, electrons and muons |⌘jet|  3.8 |⌘e,µ|  4.0
TABLE 7.5: Selection criteria for W±W±jj-EW events.
Description Selection requirement
Lepton selection Exactly 2 leptons with pT > 25GeV
Dilepton charge and separation  Rl,l   0.3, q1 ⇥ q2 > 0
Dilepton mass mll > 20GeV




Jet selection and separation At least two jets with  Rl,j > 0.3
Di-jet rapidity separation | yij | > 2.4
Third-lepton veto 0 additional preselected leptons
Di-jet mass mjj > 500GeV
Lepton centrality > 0
possibility of a forward muon-tagger is also considered, which would al-
low for both electron and muon reconstruction up to |⌘|  4.0. In order to
investigate the effect of a forward muon-tagger, the threshold pT for loose
muons is chosen to be either the nominal value, 10GeV or 15GeV.
For this analysis, jets with pT > 30GeV and |⌘| < 4.5 have been consid-
ered. A selection requirement is applied to all jets with transverse momenta
below 100GeV in order to distinguish between jets resulting from a hard
scatter interaction and pileup jets, which result from the accompanying soft
scatter interactions. This requirement is based on track confirmation, which
makes use of the fraction of the pT of the tracks from the associated hard
scattering vertex to the jets. Selection criteria based on this requirement are
applied over an ⌘ region which is related to two different tracking scenar-
ios. In the case where forward tracking is available, the selection criteria are
applied for jets up to |⌘|  3.8 and for jet up to |⌘|  2.5 without any for-
ward tracking. Significant contamination from pileup jets must be reduced
by increasing the pT threshold for jets outside the tracking region from 30
to 70GeV. This figure was deduced from the ⌘ and pT distributions of the
fully simulated pileup jets in the events. Jets that pass the track confirma-
tion requirements and pT threshold are preselected. The two jets with the
highest transverse momenta are defined as the leading and sub-leading tag
jets in the event.
An extended tracker therefore affects the leading and sub-leading jets and
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leptons. The effect of this selection on the W±W±jj measurement is com-
pared in the four tracking scenarios summarised in Table 7.4. After the
selection of jets and leptons, selection criteria based on the 8TeV W±W±jj
analysis are applied to each event (Table 7.5). Since the decay products of a
VBS event are expected to be found central to the tagging jets, the final state
lepton pair should be at a smaller ⌘ than the two tagging jets [133]. For this
reason, an additional selection requirement on the lepton centrality, ⇣ > 0,
has been imposed to enhance the purity of the W±W±jj electroweak sig-
nal. Lepton centrality is a quantity based on the kinematic signature of
leptons and jets, given by:
⇣ = min[min(⌘l1, ⌘l2)  min(⌘j1, ⌘j2),max(⌘j1, ⌘j2)  max(⌘l1, ⌘l2)] (7.1)
where ⌘l1 and ⌘l2 are the leading and subleading lepton pseudorapidity and
⌘j1 and ⌘j2 are the leading and subleading jet pseudorapidity. This equation
is used to determine the position of leptons relative to the tagging jets in ⌘.
If ⇣ > 0 both leptons are found to be within the tagging jets in ⌘, however
if ⇣ < 0 one or both of the leptons have a larger ⌘ than the closest tagging jet.
The following sections present the events yields that were obtained after
all selection cuts were applied, the calculated significances for each of the
four scenarios and the ⌘ distributions for the tagging jets and selected lep-
tons. The impact of an extended inner tracking will be discussed with re-
spect to the ability to reject jets originating from pileup as well as the abil-
ity to reconstruct leptons in the forward regions. In addition the effect a
forward muon-tagger was investigated by increasing the pT threshold for
loose muons. Lastly, an additional diboson background sample was imple-
mented into the analysis and the updates significances with the new total
background contribution will be presented.
7.2 Results
To assess the sensitivity of the W±W±jj-EW measurement with the fu-
ture ATLAS detector the significance of the signal, Z , can be calculated.
The signal significance is determined from the number of estimated sig-
nal events and background events, denoted as Nsig and Nbkg respectively,
assuming that the number of events follow a Poissonian distribution. An
estimated background uncertainty of  B =15% must also be taken into ac-











in which B0 =
1
2(Nbkg    2B +
q
(Nbkg    2B)2 + 4(Nsig +Nbkg) 2B).
The estimated precision on the signal strength,
 µ
µ , can be calculated in
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TABLE 7.6: Final expected event yield for signal and back-
ground samples, after all selection cuts have been applied
for each of the four tracking scenarios.
Track confirmation Lepton |⌘| W±W±jj W±W±jj WZ Total
range range EW QCD QCD + EW background
|⌘|jet  2.5 |⌘|e,µ  2.7 4763 303 2300 4451
|⌘|jet  3.8 |⌘|e,µ  2.7 5390 324 2693 5158
|⌘|jet  3.8 |⌘|e  4.0, |⌘|µ  2.7 5456 331 2684 5155
|⌘|jet  3.8 |⌘|e,µ  4.0 5552 340 2455 4780
TABLE 7.7: Significances of the W±W±jj measurement for
individual channels as well as the combined significances
for each of the four tracking scenarios.
Track confirmation Lepton |⌘| Z  Z 
range range ee eµ µe µµ Combined
|⌘|jet  2.5 |⌘|e,µ  2.7 3.8 6.4 7.0 13 17
|⌘|jet  3.8 |⌘|e,µ  2.7 3.7 6.2 6.9 13 16
|⌘|jet  3.8 |⌘|e  4.0, |⌘|µ  2.7 3.8 6.3 7.1 13 16
|⌘|jet  3.8 |⌘|e,µ  4.0 3.8 6.8 7.7 16 19











where each of the background processes, the strong production of W±W±jj,
WZ and the other combined backgrounds, are assumed to be correlated
with the systematic uncertainty of  i = 15%. Uncertainties due to MC statis-
tics and theoretical modelling are not taken into account.
The next section presents the estimated significances of the W±W±jj-EW
measurement as well as the precision of the measurement for each of the
four, above-mentioned tracking scenarios, which had been calculated with
the latest upgrade performance functions. Furthermore, the gain in signif-
icance as well as the precision obtained with the extended tracking system
are presented and compared with respect to the nominal tracking scenario
with a coverage up to |⌘|  2.7.
7.2.1 Effect of an extended Inner Tracker
The final expected event yields for signal and background samples after all
selection criteria have been applied are summarised in Table 7.6, where all
channels have been combined. The significance and precision are calculated
separately for each channel: ee, eµ, µe and µµ depending on the flavour of
the leading or sub-leading lepton and then combined quadratically, shown
in Tables 7.7 and 7.8. The total background is approximated by using each
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TABLE 7.8: Estimated precisions of the W±W±jj measure-
ment for individual channels as well as the combined pre-
cision for each of the four tracking scenarios.
Track confirmation Lepton |⌘|  µµ  µµ
range range ee eµ µe µµ Combined
|⌘|jet  2.5 |⌘|e,µ  2.7 18% 11% 10.0% 6.2% 4.6%
|⌘|jet  3.8 |⌘|e,µ  2.7 19% 11% 10.1% 6.2% 4.6%
|⌘|jet  3.8 |⌘|e  4.0, |⌘|µ  2.7 18% 11% 9.8% 6.2% 4.6%
|⌘|jet  3.8 |⌘|e,µ  4.0 18% 10% 9.0% 5.1% 4.0%
channel’s respective scale factor. Event yields by individual channel can be
found in Appendix B.
A definite improvement can be seen in the significance of the W±W±jj-EW
measurement as forward tracking first becomes available for jets, and then
extending the tracking capabilities for electrons and muons up to |⌘|  4.0.
The extended ⌘-coverage of the inner tracking system provides the ability
to reject pileup jets in the forward region from jets that originated from the
hard scatter events. In addition, the forward coverage provides the capac-
ity to reconstruct forward leptons. Both of these two advantages contribute
to the overall improvement of the W±W±jj-EW measurement
The ⌘ distributions for the leading and sub-leading jets after all selection
criteria have been applied, are shown in Figure 7.3, for the W±W±jj-EW
signal sample together with the other contributing backgrounds. The solid
colours in the histograms indicate the contributions of jets originating from
hard scatter events, while on the other hand the hashed colours indicate
the contributions due to pileup jets. A distinctive step in the signal sam-
ple is visible between |⌘| = 2.5 and |⌘| = 3.8. These ranges correspond to
the availability of forward tracking for jets, which indicates the raised ac-
ceptance pT for jets in these regions. The ability to tag and reject forward
pileup jets leads to the suppression of backgrounds containing jets.
The increased ⌘-coverage for electrons and muons provides the ability to
reconstruct leptons within a larger range of the detector, which can be seen
in Figure 7.4. Additionally, there is an increased acceptance of additional
leptons (Figure B.3), which consequently leads to a stronger third-lepton
veto for events. For this reason, the third-lepton veto reduces a significant
amount of background contributions, especially the dominant WZ process
and other backgrounds containing three leptons. The suppression of these
backgrounds can be seen in Figure 7.2, where the pseudorapidity distri-
bution for leading and sub-leading leptons are shown before and after the
third-lepton veto cut.
The effect of the different tracking scenarios on the signal and background
yields, the significance and the precision of the measurement are shown
Chapter 7. W±W± scattering at the High Luminosity LHC 89
TABLE 7.9: Variations on the signal and background yields,
signal significance, measurement precision obtained with




variation variation variation variation
Pileup rejection +12% +14% -1.1% +1.1%
Additional lepton veto +2.9% -7.9% +17% -14%
Combine +14% +6.9% +16% -13%
in Table 7.9. The cases with pileup rejection for forward jets and the ex-
tended lepton ⌘ region are considered separately, as well as the case where
both are combined. Due to the jet pT threshold remaining at 30GeV over a
larger ⌘ range, rejecting forward pileup jets with the JVT up to ⌘  3.8 im-
proves the signal yield by 12%. However, increasing the signal also means
that the total background yield will increase, which in turn leads to small
variations in the signal significance and precision of the measurement. Pro-
cesses that contain jets originating from the hard scatter vertex include the
W±W±jj-EW process, as well as the W±W±jj-QCD and WZ. Although
contributions from the W±W±jj-QCD process can be reduced with the ra-
pidity requirement for jets, the strongest suppression for both the QCD and
EW contributions of the WZ background comes from a third-lepton veto.
This is due to the increased likelihood of reconstructing and detecting the
third lepton from the WZ decay. Therefore, the combination of additional
rejection of pileup jets as well as the the extended ⌘ range for leptons is the
best scenario.
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>=200µ, <-1 = 14 TeV 3000 fbs
Forward tracking for jets, electrons & muons
ηSubleading lepton 











>=200µ, <-1 = 14 TeV 3000 fbs
Forward tracking for jets, electrons & muons
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>=200µ, <-1 = 14 TeV 3000 fbs
Forward tracking for jets, electrons & muons
ηSubleading lepton 












>=200µ, <-1 = 14 TeV 3000 fbs
Forward tracking for jets, electrons & muons
FIGURE 7.2: Pseudorapidity (⌘) distributions of the lead-
ing and sub-leading leptons before and after the the third-
lepton veto for the extended ⌘ range for leptons.
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>=200µ, <-1 = 14 TeV 3000 fbs
Without forward tracking
ηSubleading jet 














>=200µ, <-1 = 14 TeV 3000 fbs
Without forward tracking
ηLeading jet 














>=200µ, <-1 = 14 TeV 3000 fbs
Forward tracking for jets only
ηSubleading jet 














>=200µ, <-1 = 14 TeV 3000 fbs
Forward tracking for jets only
ηLeading jet 














>=200µ, <-1 = 14 TeV 3000 fbs
Forward tracking for jets and electrons
ηSubleading jet 














>=200µ, <-1 = 14 TeV 3000 fbs
Forward tracking for jets and electrons
ηLeading jet 














>=200µ, <-1 = 14 TeV 3000 fbs
Forward tracking for jets, electrons & muons
ηSubleading jet 














>=200µ, <-1 = 14 TeV 3000 fbs
Forward tracking for jets, electrons & muons
FIGURE 7.3: Pseudorapidity (⌘) distributions of the leading
(left) and sub-leading (right) jets after all analysis criteria
have been applied, for the four track confirmation scenar-
ios. Solid lines indicate jets originating from hard scatter
events, while the hashed fills indicate jets originating from
pileup events.
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No forward tracking
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>=200µ, <-1 = 14 TeV 3000 fbs
Forward tracking for jets only
ηSubleading lepton 













>=200µ, <-1 = 14 TeV 3000 fbs
Forward tracking for jets only
ηLeading lepton 














>=200µ, <-1 = 14 TeV 3000 fbs
Forward tracking for jets and electrons
ηSubleading lepton 













>=200µ, <-1 = 14 TeV 3000 fbs
Forward tracking for jets and electrons
ηLeading lepton 














>=200µ, <-1 = 14 TeV 3000 fbs
Forward tracking for jets, electrons & muons
ηSubleading lepton 













>=200µ, <-1 = 14 TeV 3000 fbs
Forward tracking for jets, electrons & muons
FIGURE 7.4: Pseudorapidity (⌘) distributions of the lead-
ing (left) and sub-leading (right) leptons after all analysis
criteria have been applied, for the four track confirmation
scenarios.
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TABLE 7.10: Final expected event yield for signal and back-
ground samples after all selection cuts have been applied
for each of the four tracking scenarios, where the loose
muons with pT > 10 have been preselected.
Track confirmation Lepton |⌘| W±W±jj W±W±jj WZ Total
range range EW QCD QCD + EW background
|⌘|jet  2.5 |⌘|e,µ  2.7 4780 305 2453 4717
|⌘|jet  3.8 |⌘|e,µ  2.7 5409 326 2868 5459
|⌘|jet  3.8 |⌘|e  4.0, |⌘|µ  2.7 5475 333 2858 5456
|⌘|jet  3.8 |⌘|e,µ  4.0 5578 342 2663 5138
TABLE 7.11: Final expected event yield for signal and back-
ground samples after all selection cuts have been applied
for each of the four tracking scenarios, where the loose
muons with pT > 15 have been preselected.
Track confirmation Lepton |⌘| W±W±jj W±W±jj WZ Total
range range EW QCD QCD + EW background
|⌘|jet  2.5 |⌘|e,µ  2.7 4792 305 2657 5066
|⌘|jet  3.8 |⌘|e,µ  2.7 5423 326 3095 5850
|⌘|jet  3.8 |⌘|e  4.0, |⌘|µ  2.7 5489 334 3087 5850
|⌘|jet  3.8 |⌘|e,µ  4.0 5595 343 2933 5602
7.2.2 Effect of varying the loose muon pT threshold
The effect of a very forward muon-tagger was investigated by varying the
acceptance pT threshold for the loose muons, for each of the four consid-
ered tracking scenarios. Three cases are considered namely, pT = 6, 10
and 15GeV, where pT > 6GeV is the nominal acceptance for loose muons.
Figure 7.5 shows the changes in signal significances with respect to the in-
creased pT threshold for each of the four tracking scenarios. In addition, the
significances for each individual channel for each of the considered track-
ing scenarios are shown in Figure B.1. These plots indicate that the signal
significances decrease rapidly when the pT threshold is raised, due to the
fact that an increased amount of events pass the third-lepton veto. From
Tables 7.10 and 7.11, which show the total signal and event yields after all
selection cuts have been applied, it can be seen that for several cases the to-
tal background contributions are slightly higher than the total event yield
for signal. This is especially true for the WZ background processes, which
were suppressed in the previous results by the third-lepton veto selection
cut.
Although the extended ⌘-range enables the third-lepton veto cut to sup-
press the total background contribution for the pT > 10GeV case, the sig-
nificance of the measurement is still reduced by 10% with respect to the
nominal case of pT > 6GeV. With respect to the previous results shown in
Table 7.6, the total signal yield only improves by a small margin of 0.5%,
while the background contribution increases by a much larger amount of
7%.
For the case where the acceptance threshold for loose muons has been raised
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>=200µ, <-1 = 14 TeV 3000 fbs
No forward tracking
Forward tracking for jets
Forward tracking for jets & electrons
Forward tracking for jets & leptons
FIGURE 7.5: Effect of varying the loose muon pT on the
combined signal significance for each of the four scenarios.
to pT > 15GeV, the total background contribution dominates over the sig-
nal event yield for every all of the considered tracking scenarios. This in-
crease of the total background event yield leads to a severe decrease of the
significance of the W±W±jj-EW measurement.
7.2.3 Addition of the ZZ background process
Since very few MC samples have been produced at
p
s = 14TeV, the only
suitable MC sample that was obtained was a ZZ + jets sample. In the 8TeV
the total background contribution from the ZZ + jets process was low rel-
ative to the non-prompt and charge conversion backgrounds and had a
negligible effect in the 8TeV analysis. Therefore, this thesis investigated
whether the background process from this process would still be negligible
at
p
s = 14TeV. This ZZ + jets sample is generated in a similar manner
as the WZ + jets samples that was described in Section 7.1.1. The anal-
ysis was performed again with this new, additional sample and the final
events, significances and precision of the measurements are summarised in
Tables 7.12, 7.13 and 7.14.
TABLE 7.12: Final expected event yield for signal and back-
ground samples, after all selection cuts have been applied
for each of the four tracking scenarios.
Track confirmation Lepton |⌘| W±W±jj W±W±jj WZ ZZ Total
range range EW QCD QCD + EW background
|⌘|jet  2.5 |⌘|e,µ  2.7 4763 303 2300 77 4583
|⌘|jet  3.8 |⌘|e,µ  2.7 5390 324 2693 87 5308
|⌘|jet  3.8 |⌘|e  4.0, |⌘|µ  2.7 5456 331 2684 87 5304
|⌘|jet  3.8 |⌘|e,µ  4.0 5552 340 2455 74 4906
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TABLE 7.13: Significances of the W±W±jj measurement
for individual channels as well as the combined signifi-
cances for each of the four tracking scenarios with the addi-
tional sample.
Track confirmation Lepton |⌘| Z  Z 
range range ee eµ µe µµ Combined
|⌘|jet  2.5 |⌘|e,µ  2.7 3.7 6.2 7.0 13 16
|⌘|jet  3.8 |⌘|e,µ  2.7 3.6 6.1 6.7 13 16
|⌘|jet  3.8 |⌘|e  4.0, |⌘|µ  2.7 3.7 6.2 6.9 13 16
|⌘|jet  3.8 |⌘|e,µ  4.0 3.7 6.6 7.5 16 19
TABLE 7.14: Estimated precisions of the W±W±jj mea-
surement for individual channels as well as the combined
precision for each of the four tracking scenarios with the
additional sample.
Track confirmation Lepton |⌘|  µµ  µµ
range range ee eµ µe µµ Combined
|⌘|jet  2.5 |⌘|e,µ  2.7 19% 11% 10.0% 6.2% 4.6%
|⌘|jet  3.8 |⌘|e,µ  2.7 19% 11% 10.2% 6.3% 4.7%
|⌘|jet  3.8 |⌘|e  4.0, |⌘|µ  2.7 19% 11% 9.9% 6.3% 4.6%
|⌘|jet  3.8 |⌘|e,µ  4.0 19% 10% 9.1% 5.1% 4.0%
Despite small variations in the significance and precision of the measure-
ment for individual channels, the overall combined values remain unchanged.
Only a small number of events from the ZZ sample remain after all selec-
tion criteria have been applied. This is again due to the excellent pileup
rejection, however a significant amount of events from the ZZ process is
suppressed by the di-jet selection criteria. In combination with the third-
lepton veto which plays a part in rejecting the additional leptons originat-
ing from the ZZ decay, the final contribution from this process is negligible
when compared to the contributions from the WZ and W±W±jj-QCD pro-
cesses.
This result is to be expected, since the ZZ background process had a small
contribution to the total background composition in the signal region ob-
served by the 8TeV analysis. Figure 7.6 exhibits the di-jet invariant mass
distribution after all selection have been applied, since this distribution
gives an approximation of the possible signal region at 14TeV for the W±W±jj-
EW measurement.
7.3 VBS studies at future colliders
Other particle colliders currently in multiple stages of development may
also study VBS processes in the future. Currently, the ILC is planning the
commission of a promising candidate, a linear electron-positron collider
which will operate at
p
s = 500GeV up to 1TeV [134]. The advantage of
an electron-positron collider at a lower energy is that VBS processes could
be measured more precisely with reduced backgrounds originating from
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FIGURE 7.6: Di-jet invariant mass (mjj) distributions for the
case without forward tracking as well as the case where for-
ward tracking is available for jets and leptons, after all anal-
ysis criteria have been applied.
hadronic activity. Therefore, it would provide a complementary measure-
ment to that of the LHC. Additionally, a phenomenological study [135] has
also investigated the prospects of a VBS measurement with a muon-muon
collider at an energy of
p
s = 4TeV, which would provide a measurement
in a jet-free environment above the energy range proposed by the ILC. A
possible interesting study using this collider would be to investigate the di-
boson distributions in the V V jj final states. More recently, another study
highlighted the promising features of VBS processes in an environment of
a future hadron collider operating at an energy of
p
s = 100TeV [136]. The
study of VBS processes at unprecedented energies would provide oppor-





The thesis investigated the W±W±jj-EW measurement in two very dif-
ferent environments of the LHC, as well as the upgrade of the MS which
would greatly enhance the W±W±jj-EW measurement during Run III and
the HL-LHC. Firstly, this thesis studied the upgrade of the MS with a main
focus on the assembly of sTGC chambers for the NSW. Since the assembly
procedure for the assembly of these chambers has not yet been finalised,
a proposed procedure that was developed as a summer student project at
CERN through discussions with many experts was outlined. Particularly,
a few of the more complicated steps in the process, requiring great care,
was highlighted. A few resources necessary during the assembly of sTGC
chambers including teams of specialists trained to perform various tasks,
specialised equipment and storage space for wedges in different stages of
development was discussed. Finally, the estimated storage space require-
ments for crates of quadruplets, as well as completed sTQC chambers was
summarised.
Secondly, 28 fb 1 of pp collision data at a centre of mass energy of 13TeV,
collected by the current ATLAS detector, was considered. This thesis fo-
cussed on studying the b-tagged control region of this process, which is
used to test the MC and data-driven estimations of the fake lepton back-
ground, dominated by events from the tt̄ process. The poor MC modelling
of the non-prompt processes in the b-tagged control region was investigated
by defining a "mod tight" selection with no isolation requirements applied
to the leading and sub-leading leptons. The effect of the isolation require-
ment was studied. It was found that a low fraction of events originates
from the tt̄ process in the µµ channel of this control region. Upon further
investigation, it was determined that the majority of sub-leading leptons
originating from the tt̄ process in the µµ channel fail the imposed isolation
requirements. The MC event record was then investigated and it was ob-
served that in the tight + loose sample the largest background contribution
is due to the tt̄ and single top processes, in which the leading leptons orig-
inate from W bosons and the sub-leading leptons originate from B mesons.
On the other hand, it was found that the tt̄+V process is the dominant pro-
cess in the nominal b-tagged control region with the selection of two tight
leptons. The isolation requirement therefore suppresses leptons originating
from the tt̄ and single top processes, however the suppression is the most
sever in the muon channel.
With the addition of the isolation requirement for leptons, the the discrep-
ancy between data and MC becomes even worse in the b-tagged control
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region, especially since the MC is underestimated with respect to the data.
This observation suggests that even though the isolation requirement sup-
presses the MC non-prompt backgrounds quite well, this is not the case for
the data. Hence the poor agreement between data and MC in the b-tagged
control region. Further studies of the b-tagged control region are still ongo-
ing at the time of the writing of this thesis.
Lastly, 3000 fb 1 of simulated pp collisions data at a centre of mass energy of
14TeV with the future, upgraded ATLAS detector was considered. Extend-
ing the pseudorapidity coverage of various sub-detectors from 2.7 to within
4.0 will provide increased reconstruction capabilities of candidate physics
objects, therefore greatly enhancing the W±W±jj-EW measurement. Par-
ticularly, the extension of the Inner Detector tracker in the forward regions
with a coverage up to |⌘|  4.0, together with a very forward muon-tagger
will provide increased acceptance of leptons as well as the ability to tag
and reject pileup jets in these regions. With the addition of a very forward
muon-tagger to the NSW, the ability to reconstruct and accept muons over
a large pseudorapidity region will be provided.
The prospects of a W±W±jj-EW measurement was then investigated with
a focus on the extension of the inner tracking system, as well as an addi-
tional case where a forward muon-tagger is available. Simulated data atp
s = 14TeV and a total integrated luminosity of L = 3000 fb 1 was used
for the estimation of the final event yield for W±W±jj-EW. In addition
simulated data was also used for the estimation of two of the main back-
ground contributions, namely the W±W±jj-QCD and the WZ + jets pro-
cesses. Other processes that contribute toward background were estimated
with scale factors calculated from the total background event yields of the
8TeV W±W±jj-EW analysis.
The forward tracker provides an increased background rejection, due to
excellent pileup rejection in the forward regions. In addition, the extended
coverage for leptons enables the reconstruction and identification of lep-
tons in the forward region, hence providing a more effective third-lepton
veto. The sensitivity of the measurement was assessed by calculating the
significance and the precision of the measurement for each of the consid-
ered tracking scenarios. These values were then compared to the nominal
case where tracking is only available up to |⌘|  2.7. The significance of the
W±W± scattering measurement at
p
s = 14TeV and a total integrated lu-
minosity of L = 3000 fb 1 was measured to be 16.4 standard deviations. It
was determined that the significance improves by 16% by extending the In-
ner Detector tracker and including forward tracking for jets, electrons and
muons up to a pseudorapidity of |⌘|  4.0. In addition, the precision of
the measurement was estimated to be 5%, however this value can also be
improved by 14% with the increased pseudorapidity coverage.
The effect of a forward muon-tagger was further investigated by varying
the pT acceptance threshold for loose muons. It was found that fewer muons
were accepted leading to an increased amount of background events pass-
ing the third-lepton veto. Consequently, the significance of the measure-
ment decreased rapidly from a significance of 19 for pT = 6GeV to 15 for
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pT = 15GeV in the case where forward tracking is available for jets and
both electrons and muons.
Lastly, an additional ZZ sample was implemented in the analysis, however
the di-jet selection requirements sufficiently reduced the final event yield of
this sample to have a negligible effect on the significance and precision of
the measurement.
In brief, an extended tracker providing increased tracking and reconstruc-
tion capabilities for forward jets and leptons has the potential to consider-
ably improve the future W±W±jj-EW measurement at the HL-LHC, which
will lead to a greater understanding of electroweak symmetry breaking and
possibly even physics beyond the Standard Model.
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Appendix A
Storage space requirements for
sTGC wedges
In this section the entire storage space requirements for crates of sTGC
quadruplets, as well as the completed sTGC wedges are given.
FIGURE A.1: Potential pile-up of quadruplet crates based
on estimated arrival dates, while triangular shapes refer to
completed sTGC wedges. The total approximated amount
of necessary storage space is shown in the right-most col-
umn.
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FIGURE A.2: Potential pile-up of quadruplet crates based
on estimated arrival dates, while triangular shapes refer to
completed sTGC wedges. The total approximated amount
of necessary storage space is shown in the right-most col-
umn.
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FIGURE A.3: Potential pile-up of quadruplet crates based
on estimated arrival dates, while triangular shapes refer to
completed sTGC wedges. The total approximated amount
of necessary storage space is shown in the right-most col-
umn.
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FIGURE A.4: Potential pile-up of quadruplet crates based
on estimated arrival dates, while triangular shapes refer to
completed sTGC wedges. The total approximated amount
of necessary storage space is shown in the right-most col-
umn.
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FIGURE A.5: Potential pile-up of quadruplet crates based
on estimated arrival dates, while triangular shapes refer to
completed sTGC wedges. The total approximated amount
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FIGURE B.1: Effect of varying the loose muon pT on the sig-
nal significance per channel for each of the four scenarios.
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FIGURE B.2: Pseudorapidity (⌘) distributions of the leading
(left) and sub-leading (right) jets after all analysis criteria
have been applied, for the four track confirmation scenar-
ios. Solid lines indicate jets originating from hard scatter
events, while the hashed fills indicate jets originating from
pileup events.
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FIGURE B.3: Pseudorapidity (⌘) distributions of the loose
leptons after all analysis criteria have been applied, for the
four track confirmation scenarios.
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TABLE B.1: Expected events yields foe signal and back-
ground for each individual channel after all selection cri-
teria have with the four tracking scenarios.
Channel Track confirmation Lepton |⌘| W±W±jj W±W±jj WZ ZZ Total
range range EW QCD QCD + EW background
ee |⌘|jet  2.5 |⌘|e,µ  2.7 841 51 606 24 1165
|⌘|jet  3.8 |⌘|e,µ  2.7 943 55 343 28 1349
|⌘|jet  3.8 |⌘|e  4.0, |⌘|µ  2.7 970 58 706 27 1352
|⌘|jet  3.8 |⌘|e,µ  4.0 968 58 705 27 1350
eµ |⌘|jet  2.5 |⌘|e,µ  2.7 1329 80 684 23 1346
|⌘|jet  3.8 |⌘|e,µ  2.7 1498 86 804 26 1568
|⌘|jet  3.8 |⌘|e  4.0, |⌘|µ  2.7 1516 88 801 26 1566
|⌘|jet  3.8 |⌘|e  4.0 1542 90 754 22 1481
µe |⌘|jet  2.5 |⌘|e,µ  2.7 1077 70 491 19 990
|⌘|jet  3.8 |⌘|e,µ  2.7 1224 76 572 21 1142
|⌘|jet  3.8 |⌘|e  4.0, |⌘|µ  2.7 1247 78 567 21 1138
|⌘|jet  3.8 |⌘|e  4.0 1262 79 515 18 1046
µµ |⌘|jet  2.5 |⌘|e,µ  2.7 1514 101 520 12 1082
|⌘|jet  3.8 |⌘|e,µ  2.7 1722 107 611 12 1248
|⌘|jet  3.8 |⌘|e  4.0, |⌘|µ  2.7 1720 107 611 12 1247
|⌘|jet  3.8 |⌘|e  4.0 1777 112 482 7 1028
TABLE B.2: Variations of the signal and background, signal
significance and measured precision obtained with the up-
graded detector with respect to the current detector. Results
for each individual channel are shown.
Channel Signal Background Z 
 µ
µ
variation variation variation variation
Pileup rejection ee +11% +14% -2.7% +2.7%
eµ +11% +11% -2.7% +2.8%
µe +12% +13% -0.8% -7%
µµ +12% +13% -0.4% +0.6%
Additional lepton veto ee +2.6% +0.1% +2.5% -2.5%
eµ +2.9% -5.9% +8.7% -8%
µe +3% -9.2% +12% -10%
µµ +3.1% -21% +12% -18%
Combined ee +13% +14% -0.5% +0.1%
eµ +14% -5.3% +5.8% -5.4%
µe +15% +5.3% +11% -17%
µµ +15% -5.3% +22% -18%
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FIGURE B.4: Pseudorapidity (⌘) distributions of the leading
(left) and sub-leading (right) jets after all analysis criteria
have been applied, for the four track confirmation scenarios
with the new ZZ sample. Solid lines indicate jets originating
from hard scatter events, while the hashed fills indicate jets
originating from pileup events.
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FIGURE B.5: Pseudorapidity (⌘) distributions of the lead-
ing (left) and sub-leading (right) leptons after all analysis
criteria have been applied for the four track confirmation
scenarios with the new ZZ sample.
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Appendix C
Implementation of a logbook
based on ELisA
ATLAS utilises and electronic logbook to share information concerning the
maintenance and deployment of the ATLAS detector as well as its subsys-
tems with members of the international collaboration. This electronic log-
book for the information storage of ATLAS (ELisA) is a web based tool
containing messages concerning the daily operation and data taking activ-
ities of the experiment [137]. The primary purpose of ELisA is to enable
users to chronologically store information online as short, time-stamped
messages known as “entries”. The logbook has many additional features
allowing users to edit or reply to these entries or even add additional at-
tachments such as images. A few subsystems of the ATLAS experiment,
notably the Fast TracKer (FTK) subsystem, requested the setup of their own
ELisA based logbook for their private usage. Particularly, this new FTK
logbook was required to be separated from the main ATLAS logbook and
only have access to CERN’s general public network.
The implementation, testing and modification of a new ELisA based log-
book for the FTK sub-system was completed as a CERN Summer Student
project during 2016. In the following sections the ELisA logbook will first
be described, followed by the technology used to create this electronic log-
book. Detailed discussions on the ELisA interface and the various imple-
mented softwares can be found in [137] and [138].
C.1 The ELisA interface
Since the stored log messages are useful to the entire ATLAS community,
the ELisA logbook must meet a set of strict requirements. The web tool
must enable fast and efficient manipulation of logbook entries with high
availability and scalability. In order to enable users to quickly access stored
information, the ELisA web interface makes use of several built-in features.
Specifically, these built-in features allow users to easily browse entries, up-
date or reply to relevant entries. Additional features enable the user to up-
load attachments, including images or documents, to entries. Conversely,
these attachments can also be downloaded from existing entries. Further-
more, fast searches of log message can be performed by making use of a
filter to select data in a singular column or all columns. The option to per-
form an advanced search also exists, where a custom query form can be
filled in to select data in multiple columns or within a specific time interval.
Additionally, the user can also format various aspects of the appearance of
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the page by specifying the visible columns or by changing the length of the
page. The user’s changes are stored after the page has been redrawn with
the use of cookies.
In order to use the logbook the user must be authenticated. The authen-
tication procedure for usage in the General Private Network is based on
CERN’s Shibboleth Single Sign-On, while LDAP is used for usage within
the restricted experiment network, ATLAS Control Network (ATCN). The
user’s credentials are verified with the relevant process based on the loca-
tion from which the request originated from.
C.2 Software
The ELisA web tool is based on the Spring Web MVC framework, which
provides a Model-View-Controller architecture. The Model-View-Controller
approach is a design pattern that separates different aspects of a web appli-
cation (input logic, business logic and navigation logic), while maintain-
ing a coupled link between these elements. Therefore, the Spring MVC
approach [139] provides the necessary architecture used to build flexible
and loosely coupled web applications. In this framework there are three
main processes that are responsible for building a web application: models,
views and controllers. Models are responsible for encapsulating application
data. Views use information from the model object to render responses to
the user, which creates the HTML output interpreted by a browser. Lastly,
controllers process requests received from the user by building the model
associated with the specific request and passing it to the view. The flow of
request processing in a MVC web application has been illustrated in Fig-
ure C.1.
FIGURE C.1: Request processing in a Spring MVC [137].
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First, a request sent to the Spring MVC framework is received by the Dis-
patcherServlet, which handles all HTTP requests and responses. Once the
DispatcherServlet has consulted the HandlerMapping, the appropriate Con-
troller associated with the request is called. The Controller then processes
the request and calls the appropriate service methods. Next, the Controller
returns a Model object to the DispatcherServlet. Subsequently, the model
objects are mapped to the messages in the logbook and are retrieved from
an Oracle database by making use of Spring Data Access tools. In addition,
the Model object is passed to a dedicated View by the DispatcherServlet.
The final step in the flow is where the View uses the information from the
model and returns the result to the user.
The front-end of ELisA is based on JSP technology [140] and makes use of
JavaScript and jQueries for client-side processing and data manipulations.
It has been designed to be effective, responsive and user-friendly. Improv-
ing the responsiveness of the web application is achieved by privileging
client-side processing for message visualisation as well as making use of the
Ajax method to retrieve data on client-request. The Ajax method achieves a
more responsive, interactive web application by exchanging small amounts
of data with the server in an asynchronous manner [141]. As a result, the en-
tire page does not have to be reloaded every time changes have been made
by the users. The servlet engine Apache Tomcat, which is an open source
Java Servlet Container and implements several Java EE specifications [142],
hosts the back-end server of the ELisA logbook.
C.3 Implementation of the FTK logbook
C.3.1 Setup
Use of the Spring framework requires the preparation of a development
environment. Various Spring MVC framework tutorials usually provide
detailed instructions to create this environment and the brief outline de-
scribed below is based on a tutorial from Tutorialspoint [143].
The development environment can be set up by first downloading and in-
stalling the latest, or preferred, version of the Java Development Kit (JDK)
from Oracle’s Java site. It is crucial to correctly set the PATH and JAVA_HOME
environment variables to refer to the directory containing Java. Then install
Apache Commons Logging API by downloading the latest binaries from
the Apache Commons Logging website. Once the binary distribution has
been unpacked into a convenient location, care must be taken to set the
CLASSPATH variable correctly. After installing the Apache libraries, the
latest version of Eclipse IDE was setup. This can be done by download-
ing the latest binary distribution from the official Eclipse website and, once
again, setting the PATH variable to refer to the appropriate directory. In
addition, the Eclipse IDE package specifically for Java EE developers was
installed for this project. Finally, the Spring Framework libraries may be
installed, which are available from the Spring website. Once all these steps
have been completed, the development environment would be setup cor-
rectly and the Spring framework may be used to start developing web ap-
plications.
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The machine that will host the completed web application requires Apache
Tomcat. A step-by-step guide[144] on installing Apache Tomcat on a Linux
machine was closely followed. Apache Tomcat can be setup quite easily
by downloading and extracting the latest binaries from the Apache project
site. After unpacking the binaries, the CATALINA_HOME environment
variable should be set to point to the main Tomcat directory. If the previ-
ous steps have been followed correctly, then Tomcat can be started with its
startup script. The server is running correctly if the Tomcat welcome page
can be accessed at http://localhost:8080/. Web applications can then be de-
ployed by exporting the application as a WAR file to the web apps folder,
which is located inside the Tomcat folder on the host machine. The applica-
tion can then be accessed by connecting to the local host and selecting the
application from the Tomcat manager page.
The FTK logbook was setup by creating two new accounts, ATLAS_ELISA_LOG
and ATLAS_ELISA_CONF_LOG on the ATLR database. These accounts
were specifically created to contain information regarding the data and
the logbook configuration, respectively. The existing ELisA configurations
were then imported to the ATLAS_ELISA_CONF_LOG in order to create
a new, blank logbook that can be seen in Figure C.2. This logbook was
first installed on a local machine and a test logbook was used to perform
various tests to ensure that all the features of the ELisA tool were still func-
tioning as expected. Various modifications were also made. Some of these
modifications were done to increase the usability of the web application,
while other modifications were specified by the FTK users to make the new
logbook more relevant to the FTK subsystem. The following sections will
discuss the testing and modifications of the new logbook.
FIGURE C.2: Screenshot of the new ELisA based logbook.
C.3.2 Testing and modifications
A blank test logbook was created, together with the new FTK logbook, to
ensure that all the features of the ELisA web tool were still functioning as
expected in the new logbook. This test logbook was used to check whether a
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FIGURE C.3: Screenshot of the switch page.
user would still be able to add new entries to the logbook as well as editing,
replying and adding attachments to the entries. Similarly, the test logbook
was also used to ensure that the search and advanced search tools were still
functioning correctly. Various modifications were made to the new logbook
to avoid the possibility of users confusing the FTK logbook with the main
ATLAS logbook. Additionally, specific changes were implemented for the
logbook to provide specific features relevant only to the FTK system. The
new modifications have been described in the following sections.
Welcome page
A “switch page” was created for the user to select which logbook they wish
to use. The page was also necessary to ensure that the user would not acci-
dentally be redirected to a different logbook, for example the main ATLAS
logbook, which would confuse the user or might result in entries being
added to the incorrect logbook. The switch page was drawn which redi-
rects users to a new welcome page after the user’s credentials have been
authenticated. The user selects the desired logbook via a choice of radio
buttons and then clicking on the "Continue" button to proceed. Figure C.3
shows a screenshot of the switch page. Script, written in jsp and jstl, was
used in order to redirect the user to the correct logbook once the "Continue"
button had been clicked. In the case where a dedicated server machine,
prepared by the FTK group, was being used to access the FTK logbook,
then the switch page will not be drawn and the user will be automatically
redirected to the FTK logbook.
E-mail notification modifications
Various modifications were made to the e-mail notification settings of the
logbook. Firstly, the recipients of the logbook’s automatic e-mail notifications
were changed in the case where the FTK logbook is being used. A notification
from the FTK logbook would only be sent to the mailing list specified by
the FTK users. In order to avoid confusion with notifications sent from the
main ATLAS logbook, generally of interest to P1, an extra line was added to
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the e-mail notification’s subject line stating that the notification is from Lab
4. The logbook was then installed on a different machine to test whether the
e-mail notifications were still sent to the proper recipients for each separate
logbook that may be selected from the welcome page.
Since it is now possible to have many different logbooks installed on multi-
ple machines, the URL links given in a notification should refer the reader
to the correct logbook. These URL links give the option to display, edit
or reply to the entry in the notification, as well as view attachments, and
had to be changed to refer to the correct logbook. In Figure C.4 the default
links for the main ATLAS logbook can be seen. Figure C.5 and Figure C.6
show the new links for the FTK logbook where it has been installed on a
dedicated machine for FTK use, as well as a case where the logbook has
been installed on a local machine. Note that the URL still points to the FTK
logbook in the latter case.
FIGURE C.4: Screenshot of the default e-mail notification
links for the main ATLAS logbook.
FIGURE C.5: Screenshot of the new e-mail notification links
for the FTK logbook.
FIGURE C.6: Screenshot of the new e-mail notification links
for the FTK logbook in the case where it has been installed
on a local machine.
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FIGURE C.7: Screenshot of the new SA relevant to the FTK.
Relevant System Affected
As specified by the FTK users, new System Affected options relevant to the
FTK were added to the ATLR database. The System Affected list was then
filtered, depending on the logbook name, in order to only show the relevant
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